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Abstract 
 
Graphene is playing an important role in modern electronics. New methods for the 
functionalization of graphene are developed on a daily basis. However, nanostructuring graphitic 
substrates using bottom-up strategies is still a challenge. This thesis focuses on exploring 
methods for the functionalization of graphitic surfaces, i.e. graphite and graphene, via both 
covalent and non-covalent means, as well as the use of microscopic and spectroscopic techniques 
as tools to visualize and understand the processes of functionalization. 
First, with graphite and graphene as the platforms and microscopy (scanning tunneling 
microscopy and atomic force microscopy) and spectroscopy techniques (in particular Raman 
spectroscopy) as visualization and characterization tools, we study the covalent functionalization 
of graphitic surfaces, monitor the modification process and investigate the mechanisms behind 
the grafting processes. Furthermore, we show that it is possible to locally remove the grafted 
layer by nanomanipulation using the scanning tunneling microscopy tip. 
In an effort to bring grafting to a next level of complexity, we explore new methods to spatially 
control the grafting process. In a first method, an alkylated diazonium compound is pre-organized 
on the graphitic substrate using a self-assembly approach prior to covalent grafting. 
Unfortunately, the extent of grafting is lower than hoped for. Using another bottom-up method, 
we realize the nanostructured grafting and formation of “nanocorrals” on graphite and graphene 
by carrying out the grafting process using a mixture of two diazonium salts. By altering the 
grafting potential, the corral size and density can be controlled. Such corrals act as 2D 
nanovessels for chemistry under nanoconfinement conditions. 
Grafting more complex molecules, such as beta-cyclodextrins, leads to a functionalized graphitic 
substrate that can be used for electrochemical sensing. The grafted beta-cyclodextrin layer acts 
as a shield simultaneously blocking high concentrations of analytes from interacting with the 
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surface while boosting the signal of low concentrations of the target analytes that form inclusion 
complexes with the beta-cyclodextrin host grafted to the graphitic surface. 
Furthermore, we report on a method using an ultra-thin organic layer to protect graphitic 
surfaces from grafting by diazonium derivatives. Long alkane molecules that self-assemble onto 
graphene and graphite effectively protect the graphitic substrate underneath from attack by 
radicals. Such passivation layer at submonolayer coverage can also be used as template for area-
selective functionalization. In addition, structural defects in the alkane template layer, i.e. 
domain boundaries, are used to locally confine the grafting process.  
In a final part, we develop an approach to functionalize and nanostructure graphitic substrates 
based on self-assembly of molecules under electrochemical control. The special design of these 
molecules directs the functional groups they carry away from the surface. We explored this non-
covalent patterning method to study the response and dynamics of the self-assembled layer 
under varying electrochemical conditions.  
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Samenvatting 
 
Grafeen speelt een belangrijke rol in moderne electronica. Dagelijks worden nieuwe methodes 
ontwikkeld om grafeen te functionaliseren. Het nanostructureren van grafiet of grafeen via 
“bottom-up” strategieën blijft een uitdaging. Het zwaartepunt van deze thesis ligt in het 
ontwikkelen van nieuwe methodes om grafiet en grafeen te functionaliseren met moleculen, 
zowel op basis van covalente als niet-covalente benaderingen, en het gebruik van microscopie- 
en spectroscopietechnieken om het functionaliseringsproces te visualiseren en te begrijpen. 
Met grafiet en grafeen als substraat, en microscopie- (raster-tunnel-microscopie en atomaire 
kracht microscopie) en spectroscopietechnieken (meer bepaald Raman spectroscopie) als 
visualisatie- en karakterisatiemiddelen, bestuderen we de covalente functionalisering van deze 
substraten, monitoren we het modificatieproces en bestuderen we de mechanismen achter het 
covalent modificatieproces, ook “enten” genaamd. Daarenboven tonen we aan dat het mogelijk 
is om lokaal de laag die covalent gebonden is aan het oppervlak te verwijderen via 
nanomanipulatie met de tip van een raster-tunnel-microscoop. 
Met als doel om het enten van moleculen op grafiet en grafeen naar een hoger niveau te tillen, 
werden er nieuwe methodes ontwikkeld om het entproces aan een oppervlak ruimtelijk te sturen. 
In een eerste methode werd via zelf-assemblage een gealkyleerde diazoniumverbinding op 
grafiet afgezet. Enten van deze monolaag bleek echter minder succesvol dan verhoopt. Via een 
andere manier, namelijk het gebruik van een mengsel van twee diazoniumverbindingen, 
slaagden we er wel in om grafiet en grafeen op een nanogestructureerde manier te modificeren 
waarbij zogenaamde “kralen” gevormd werden. De grootte van die kralen en hun 
oppervlaktedichtheid kan gecontroleerd worden. 
Het enten van complexere moleculen zoals beta-cyclodextrine resulteert in een 
gefunctionaliseerd grafiet- of grafeensubstraat dat kan gebruikt worden voor elektrochemische-
X 
 
detectiedoeleinden. De geënte beta-cyclodextrinelaag verhindert enerzijds de interactie van 
hoge concentraties aan niet-specifieke analyten met het oppervlak, maar bevordert tegelijkertijd 
de detectie van lage concentraties aan analyten die een inclusiecomplex vormen met de beta-
cyclodextrinegastheer aan het grafietoppervlak.  
Verder rapporteren we een methode om met behulp van een ultradunne organische laag 
grafietoppervlakken te beschermen tegen het ongewenst enten van diazoniumderivaten. Lange-
alkaanmoleculen die via zelfassemblage een monolaagcoating op het grafietoppervlak vormen, 
beschermen dat oppervlak effectief tegen de radialen die gevormd worden uit de 
diazoniumverbindingen. Submonolaagvorming van de organische beschermingslaag maakt het 
mogelijk om lokaal het oppervlak toch te functionaliseren. Nog een stapje verder is het gebruik 
maken van structurele defecten zoals domeingrenzen in de alkaantemplaatlaag, om heel lokaal 
te enten.  
In een laatste deel hebben we een methodiek verder ontwikkeld om grafietsubstraten te 
functionaliseren en te nanostructureren op basis van de zelf-assemblage van moleculen onder 
elektrochemische controle. Het specifieke design van deze moleculen zorgt ervoor dat de 
functionele groepen die ze dragen van het oppervlak weg gericht zijn. We hebben deze niet-
covalente methode onderzocht om de respons en de dynamica van de zelf-geassembleerde laag 
onder veranderende elektrochemische condities te onderzoeken.  
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Chapter 1 Introduction 
 
1.1. Modern electronics 
Over the past few decades, conventional materials such as aluminum (Al), copper (Cu) 
interconnects, silicon (Si), germanium (Ge) semiconductors, and silicon dioxide (SiO2) insulators 
have been playing a dominant role in the modern electronics industry. In order to meet the 
increasing demand for improving performance and decreasing size in the field of integrated 
circuit (IC) electronics, every year, an increasing number of components are integrated into a 
scaled IC chip, as predicted by Moore’s law (Figure 1-1) half century ago. 
 
Figure 1-1. Moore’s Law in 1965 predicted the evolution of integrated circuit density.1 
However, from the 21st century, while IC industry is benefiting from the reduced cost and people 
are enjoying the convenience of the modern electronic devices with more powerful functions, 
higher processing speed and lower energy consumption, the conventional materials and IC 
manufacturing methods face more and more challenges. Take the evolution of Intel processors 
as an example (Figure 1-2a), back in 2000, the Pentium 4 was fabricated with about 42 million 
integrated transistors. However, by 2016, the number of transistors integrated in the Intel Xeon 
Broadwell processor was about 72 billion (1700 times more). This caused shrinking of the 
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corresponding size of technology node from hundreds to tens of nanometers, and this trend 
continues to sub-10 nanometers in the future (Figure 1-2b). To cope with the challenges, novel 
materials and their corresponding manufacturing methods are required to replace the current 
ones. Graphene is believed to be one of the most promising materials to complement Si in 
modern electronics due to its exceptional properties. 
 
Figure 1-2. (a) Number of transistors in Intel processors as a function of time; (b) Evolution of 
technology node in semiconductor manufacturing process.2  
 
1.2. Graphene and graphitic materials 
Carbon, an element in the 4th main group, exists in diverse forms or allotropes. Diamond and 
graphite were the two most common 3D carbon crystals discovered in the old days. In the late 
20th century, the 0D and 1D forms of carbon were discovered, for example buckminster fullerene 
(C60)3 and carbon nanotubes (CNT),4 having different properties. In 2004, the 2D form of carbon, 
graphene, was discovered5 and rapidly attracted much attention. Graphene is a one-atom-thick 
flat 2D honeycomb-structured material consisting of only sp2 hybridized carbons. It can be 
stacked into 3D graphite, rolled to 1D CNTs and wrapped into 0D fullerenes, as shown in Figure 
1-3.  
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Figure 1-3. Mother of all graphitic forms. Graphene is a 2D building material for carbon 
materials of all other dimensionalities. It can be wrapped up into 0D bucky balls, rolled into 1D 
nanotubes or stacked into 3D graphite.6 
Among the many allotropes, this introduction chapter focuses on graphene, despite the fact that 
much of the experimental work in this thesis is carried out on graphite. For most of the molecular 
systems investigated in this thesis, graphite can actually be considered as a model substrate. 
Though this introductory chapter mainly focuses on electronic properties of graphene, the 
molecule-based functionalization protocols developed in this thesis have a broader scope of 
applications. Graphene has many interesting properties in addition to its geometry. It is found to 
be the strongest material with a breaking strength of 42 N/m and at the same time pliable with 
a Young’s modulus ≈1 TPa.7 A graphene sheet has a high electron mobility, up to 15,000–200,000 
cm2/Vs with massless charge carriers and room temperature thermal conductivity of ≈5,000 
W/mK.8 Furthermore, graphene has been found to display quantum Hall effect at room 
temperature,9,10 ambipolar ﬁeld effect,5 to detect single gas molecule adsorption,11 and so on. 
The combination of these unique properties makes graphene a potential candidate as a key 
material of the future.  
However, one drawback of graphene limits its application in electronics as a transistor. Pristine 
graphene is a semimetal or zero-bandgap semiconductor as shown in Figure 1-4.  
4 
 
 
Figure 1-4. Electronic dispersion in the honeycomb lattice of pristine graphene. Left: energy 
spectrum. Right: zoom in of the energy bands close to one of the Dirac points.12 
The absence of a bandgap results in a low on-off ratio, causing a significant off-state current 
leakage and a non-saturating driving current, both of which are unwanted properties in electronic 
applications. Another technological problem of the fabrication of graphene-based transistors lies 
in the deposition of a gate dielectric insulator.13 Due to its inertness and hydrophobicity, 
graphene is not an ideal surface for the growth of polar insulators such as SiO2 and Al2O3.  
To address the problems mentioned above, molecule-based surface functionalization might be 
part of the solution. 
 
1.3. Functionalization and nanostructuring of graphene  
Many efforts have been directed towards functionalization of graphitic substrates, including 
graphene. Surface functionalization of graphene can be achieved at the nanoscale through 
forming covalent bonds or non-covalent methods. This process is a consequence of 
thermodynamic and kinetic control as illustrated in Figure 1-5.  
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Figure 1-5. Four isothermal adsorption states as a function of adsorption strength. (a) 
Adsorption and desorption of molecules. (b) Formation of disordered phase via physisorption. 
(c) Formation of ordered phase via enthalpy controlled physisorption. (d) Formation of 
disordered phase via kinetic trapping or covalent bond formation.14 
During a self-assembly process, the reversible physisorption behavior (adsorption and desorption) 
is rather thermodynamically controlled via weak interactions, thus the equilibrium of the system 
is primarily regulated by temperature and surface concentration, as shown in Figure 1-5a-c. In a 
kinetically controlled process, a strong molecule-substrate interaction occurs, leading to a 
chemisorption (e.g. thiols on Au) process with the formation of covalent bonds. A poor 
adsorption-desorption equilibrium is established due to the restriction of the molecular motion, 
which usually results in an immobilized disordered phase, as indicated in Figure 1-5d. 
Covalent functionalization of graphene can be classified into three different ways, including 
covalent attachment of functionalities to pristine graphene, covalent attachment of 
functionalities to graphene oxides and covalent attachments of hydrogen and halogens forming 
graphene derivatives.15 The first way relies on the formation of chemical bonds during covalent 
functionalization changes the sp2 hybridized carbons to sp3 in graphene by using highly reactive 
chemical species such as radicals, which makes spatial control over covalent functionalization 
challenging. In the second way, graphene is oxidized initially containing randomly distributed 
functional groups such as hydroxyl, epoxy, carbonyl and carboxyl groups, which provide graphene 
surface with high chemical reactivity for immobilizing other functional moieties by forming 
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chemical bonds. In the third way, heteroatoms such as hydrogen, nitrogen and halogens 
covalently bind to graphene, which can dramatically alter its properties. 
Unlike covalent functionalization, non-covalent modification of graphene does not interfere with 
the extended π-conjugation of the pristine surface, and causes no degradation of graphene 
properties. Such functionalization is achieved via weak non-covalent interactions between 
molecules and a graphene substrate, by which the degree and spatial control of functionalization 
can be tuned.16 However, the main drawback of this method is its limited stability due to the 
weak interaction between the adsorbates and graphene surface. Table 1-1 summarizes the 
methods used for the functionalization of graphene.  
Table 1-1. Overview of functionalization methods of graphene.17-37 
 
 
1.3.1. Covalent functionalization 
Covalent functionalization of graphene mainly involves either the formation of covalent bonds 
with organic molecules (e.g. diazonium salts) or heteroatoms (e.g. hydrogen atom).  
Mechanism Type of
molecules
Examples Function References 
Covalent bonds Diazonium salts, anilines, 
nitrenes, carbenes, arynes
4-Nitrobenzene 
diazonium
Band gap opening, 
sensing, doping
17-21
Intercalation Metal cations, solvent, 
Bronsted acids
Li+, K+, CxXFy
(X=halogen)
Super-capacity,
super-conductivity, 
doping
22-24
Non-covalent bonds Atmospheric gas, 
aromatic molecules, 
H2O/O2, 
PTCDI, porphyrins
Band gap opening, 
doping
25-29
Substitutional 
doping
heteroatoms, 
NH3, B2H6, H2,
plasma
Band gap opening, 
n-type or p-type 
graphene
30-34
Nanoparticle 
deposition
Metal or Si nanoparticles
Au nanoparticles, 
Pt nanoparticles, 
Si nanoparticles
Catalyst,
battery anode,
Sensing
35-37
Chapter 1      
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1.3.1.1. Spatially random covalent functionalization 
Since pristine graphene is chemically inert, surface modification requires highly reactive reagents. 
The most common and easiest way is to modify graphene via radicals generated from aryl 
diazonium salts in order to form chemical bonds. The generation of radicals can be accomplished 
by electrochemical or non-electrochemical means. In the electrochemical method (scheme 1-1), 
aryl diazonium is electrochemically reduced near an electrode surface, generating aryl radicals 
that attack the electrode surface in order to form covalent bonds.  
 
Scheme 1-1. Electrochemical reduction of aryl diazonium to generate radicals. 
The non-electrochemical methods include so-called “spontaneous grafting” strategies via long-
time contact with38,39 or short-time heating40 of a diazonium solution, or via ultraviolet (UV) 
light41 (scheme 1-2) irradiation of aryl diazonium to generate radicals, or by adding reductive 
reagents (e.g. iron powder42 or hypophosphorous acid43) to chemically reduce diazonium 
(scheme 1-3).  
 
Scheme 1-2. Heat or UV light activation of aryl diazonium to generate radicals. 
 
Scheme 1-3. Chemical reduction of aryl diazonium using reductive reagents to generate radicals. 
Fe        Fe2+
or
H3PO2   H3PO3
- 2e-
- 2e-
8 
 
Radicals can also be generated in situ from anilines since many diazonium salts are not stable. 
This process is called diazotization (scheme 1-4). In aqueous solution, diazotization is executed 
by mixing anilines with nitrous acid that is generated in situ from sodium nitrite and a mineral 
acid. In an organic environment (e.g. acetonitrile) diazotization can be achieved by adding tert-
butyl-nitrite and boron trifluoride diethyl etherate. 
 
Scheme 1-4. In situ diazotization and subsequent electrochemical reduction of aryl diazonium 
to generate radicals. 
In addition to radicals, dienophiles also can react with graphene through cycloaddition reactions 
forming covalent bonds.  
 
Figure 1-6. Description of a Diels-Alder reaction as an example of cycloaddition on pristine 
graphene. Here, graphene is considered as a diene which reacts with a dienophile molecule. By 
attaching to different functional groups, the reactivity of graphene can be tuned.18 
Figure 1-6 shows an example of covalent functionalization of graphene via cycloaddition 
reactions using maleimide and its derivatives. The surface was successfully functionalized by 
maleimide forming two chemical bonds between each molecule and the substrate and the 
surface reactivity can be tuned by introducing different substituted groups.   
HCl+NaNO2
or
t-Bu-NO2+ BF3OEt2
Chapter 1      
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Apart from the methods described above, introduction of heteroatoms is an alternative way to 
covalently modify graphene surface. Such modification allows the covalent attachment of atoms 
on the sp2 carbons changing their hybridization to sp3, thus the graphene local structure and 
properties are altered, leading to a buckled surface rather than a flat one.  
 
Figure 1-7. Graphene layer (in green) that is attacked by cold plasma hydrogen atoms to 
produce graphane.15 
An example of the formation of “graphane” is shown in Figure 1-7. The graphene surface is 
treated by cold plasma hydrogen atoms, which subsequently attack the carbon atoms to form 
additional C-H bonds. As a consequence, the graphane has a lower charge carrier mobility due to 
the constraint of the free electrons of graphene by the additional C-H bond formation, becoming 
an insulator.44 Furthermore, the hydrogenation of graphene is reversible, which is monitored by 
the presence and absence of D-band during Raman measurements.45  
 
1.3.1.2. Strategies for nanostructured covalent functionalization 
Covalent functionalization of graphene via the methods mentioned above appears to be 
random46,47 on the surface. Such randomness could for instance result in significant 
heterogeneity when dealing with charge carrier mobility, leading to low quality electronic 
materials.48 Accurate periodic functionalization is expected to largely maintain the ultrahigh 
electron mobility,48 while still inducing functionalities.  
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Many of the current state-of-the-art methods for patterned covalent functionalization of 
graphene incorporate “top-down” approaches. Graphene can be patterned with lithographic 
techniques, producing desired structures for device fabrication.17,49 Some other methods are 
scanning probe microscopy (SPM) related for the local functionalization. One approach reports 
the use of a scanning tunneling microscopy (STM) tip to locally shave the grafted carbon surfaces 
to create patterns,50 a process which is hard to scale up, though.  
 
Figure 1-8. Schematic illustration of the covalent modiﬁcation of the HOPG surface, 
nanoshaving performed by the STM tip (ex situ and in situ) to generate the 
nanocorrals.51  
This SPM assisted lithography was also explored for the fabrication of nanocorrals on 
graphitic substrates in order to create a surface confined area to study self-assembly 
behavior.51 Nanocorrals with different shapes and sizes are created by nanoshaving with 
an STM tip. Figure 1-8 shows a schematic illustration of the formation of nanocorrals 
based on shaving by an STM tip. The HOPG surface is initially fully modified via diazonium 
chemistry. The shaving process can be done either in the presence (in situ) or absence of 
solution (ex situ). However, this method cannot be extended for scale-up 
functionalization.  
Bare HOPG Covalently modified HOPG
Nanocorral formation via STM 
nanoshaving
HOPG covalent modification
Ex situ In situ
A
B
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Apart from the previous method based on “erasing”, another method is presented in 
Figure 1-9 based on “writing” to create patterned functionalization. 
 
Figure 1-9. (a) Schematic of the diazonium modiﬁcation at an HOPG electrode surface, 
resulting in an sp3 carbon in the HOPG surface layer. (b) Schematic representation of the 
SECCM setup for the localized diazonium modiﬁcation of HOPG. (c) CV (100 mVs−1) using 
SECCM setup on HOPG to reduce 100 μM 4-carboxybenzenediazonium 
tetraﬂuoroborate in 25 mM H2SO4. (d) AFM topography image of the resulting patterned 
grafting on HOPG surface.50  
Figure 1-9 shows the use of a scanning electrochemical cell microscopy (SECCM) setup to 
locally functionalize HOPG surface with electrochemically generated radicals from 
diazonium salt to achieve an ordered pattern. The cell is loaded with solution containing 
diazonium and is brought in contact with the HOPG surface. By conducting a CV to reduce 
diazonium molecules, radicals are generated, which attack the surface. The functionalized 
area is confined by the size of the cell and the layer thickness can be controlled by 
changing the number of CV scans. A matrix can be created by moving the cell periodically, 
Figure 1-9d.  
Besides those methods mentioned above for local functionalization, methods are being 
developed for large-area patterned functionalization. Photolithography is a method 
commonly used to achieve that. 
 
d)
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Figure 1-10. (a) Schematic of patterned functionalization of HOPG with diazonium 
chemistry using a lithography approach. (b) The resulting kelvin force microscopy image 
of 4-nitrophenyl modified HOPG and its corresponding line profile showing a difference 
in potential on the modified and unmodified areas.17  
Figure 1-10a shows an example of a large-area patterned functionalization of HOPG via 
lithographic means. The HOPG surface is covered by a patterned photoresist mask and 
exposed to radicals generated by the electrochemical reduction of diazonium salt. In this 
way, the surface modification is confined to the exposed areas. After removing the 
photoresist mask, the patterned surface is obtained. Figure 1-10b shows the kelvin force 
microscopy (KFM) image of the modified HOPG surface. The corresponding line profile on 
the surface distinctly indicates the difference in surface potential between the modified 
and unmodified areas. The treated areas have a relative lower surface potential due to 
the introduction of the electron-withdrawing nitro groups. 
Another method to directly patterning graphene is based on photo-induced covalent link 
formation between the substrate and the graphene flakes. A standard process of lithography 
using UV light on graphene surface is shown in Figure 1-11.52 
A Si substrate is coated with a layer of functionalized perﬂuorophenylazide-silane (PFPA-silane), 
followed by deposition of graphene flakes on top, which is then exposed to UV light through a 
patterned photoresist mask. The exposed graphene is attached to the functionalized substrate, 
while the unattached part can be removed by sonication and solvent washing, leading to 
patterned graphene. As shown below, this technique involves a few steps and is limited by the 
feature dimension and the light diffraction. Nevertheless, nanolithography has reached the sub-
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10 nm level with the help of more advanced methods including O2 plasma etching assisted 
nanoimprint lithography.53 
 
Figure 1-11. Fabrication of patterned graphene: (1) functionalization of the substrate with PFPA; 
(2) spin-coating graphene ﬂakes onto the substrate. Insert is the TEM image of the graphene 
ﬂakes, scale bar: 200 nm; (3) UV irradiation through a photomask; (4) development of the 
patterned graphene by sonication and solvent washing. Inset: UV-initiated reaction of PFPA 
and examples of synthesized PFPA coupling agents. Optical images of (a) coated graphene 
ﬂakes on a silicon wafer; (b–e) graphene patterns with various features and sizes fabricated by 
photolithography; and (f) graphene patterns on a glass slide.52  
Besides using photoresist masks, self-assembled polystyrene (PS) spheres are alternative 
templates for achieving patterned functionalization, Figure 1-12.54,55  
 
Figure 1-12. (a) SEM image of PS templated glassy carbon electrode and chemical 
structure of N-(10-azidodecyl)pyrrole. (b) SEM and (c) AFM height images of nanocorrals 
formed after the grafting of N-(10-azidodecyl)pyrrole and removing the PS template.54  
hv
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A hexagonal template is formed by self-assembly of PS on glassy carbon surface, followed 
by electropolymerization of N-(10-azidodecyl) pyrrole to generate polymer films to cover 
the unblocked areas. After removing the PS template, a patterned surface is revealed. This 
approach also involves many steps including suspension preparation, template fabrication 
and removal, and contamination and template defects are major issues.  
The aforementioned approaches suffer in the limited scale-up possibilities or the shrinking 
of the feature size. More advanced methods have to be established to allow simple and 
spatially-controlled covalent functionalization at the sub-10 nm scale. A possible solution 
lies in combining grafting with 2D molecular self-assembly, which can control the spatial 
ordering down to a few nanometers. For instance, Xia et al. pre-assembled a p-(n-
octadecyloxy)benzene diazonium salt on various graphene-based substrates and 
electrochemically activated the covalent grafting.56  
 
Figure 1-13. A schematic illustration of patterned grafting on graphitic surfaces via pre-
assembled monolayer of p-(n-octadecyloxy) benzene diazonium. (a) Self-assembly to 
form 2D ordered patterns. (b) Transfer of the dry film in aqueous electrolyte for 
electrochemical activation. (c) The resulting pattern of grafted molecules.56  
Figure 1-13 shows the method of using a pre-assembled 2D pattern to achieve ordered 
grafting on graphitic surfaces. The 2D ordered pattern of pre-assembled p-(n-
octadecyloxy) benzene diazonium is initially formed via spin-coating method (Figure 1-
13a), followed by transferring it to an electrochemical environment (Figure 1-13b) and 
activating it by electrochemical reduction to achieve patterned grafting (Figure 1-13c). 
 
 
(A)
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FORM 2D ORDERED 
PATTERNS
(B) (C)
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1.3.2. Non-covalent functionalization 
Non-covalent functionalization of graphene involves methods of modifying graphene’s 
properties without forming covalent bonds, causing no degradation of graphene. These methods 
usually include non-covalent intermolecular interactions to stabilize organic molecules,57 
polymers,58 proteins59 on graphitic surfaces. Big molecules like DNAs or proteins tend to stack on 
graphene’s surface forming a spatially randomly functionalized layer, while physisorption of self-
assembled organic molecules is an easy and promising “bottom-up” approach to tailor graphene 
without destroying its intrinsic unique electronic properties. The atomically flat honeycomb 
structure of graphene is a perfect template for adsorption of diverse molecules to assemble into 
ordered networks via substrate-molecule and molecule-molecule interactions. Functionalization 
of graphene via molecular self-assembly can be achieved via various types of intramolecular 
interactions (e.g. van der Waals forces (VdW), hydrogen bonding, metal-ligand interaction and 
so on).  
 
1.3.2.1. Spatially random non-covalent functionalization 
Random non-covalent functionalization can be realized by stacking giant molecules such as 
proteins and DNAs on graphene surfaces, altering its surface properties. 
 
Figure 1-14. (a) Structure of the HFBI protein. (b) HFBI-facilitated exfoliation of graphene. The 
detachment of graphene and ultrathin graphite sheets coated with HFBI occurs when the HFBI-
modified graphite stack is disturbed with ultrasonic waves.59  
Figure 1-14 shows an example of using randomly adsorbed amphiphilic microbial adhesion 
protein (HFBI) to alter the properties of graphene layers from hydrophobic to hydrophilic, which 
16 
 
lowers the surface energy and improves the contact between water and graphene layers and 
eventually leads to the detachment of single graphene layers upon ultrasonic treatment in water, 
resulting in protein coated graphene sheets.  
 
1.3.2.2. Spatially non-random non-covalent functionalization 
Spatial control can be achieved via the formation of molecule-based self-assembled monolayers 
on graphene. Such a “bottom-up” approach has been widely used for decorating graphitic 
substrates at the molecular level, leading to periodicities in the sub-nm to few-nm range. Using 
SPM methods such as STM, these molecular nanoarchitectures may be visualized at near atomic 
resolution.  
 
Figure 1-15. Schematic illustration of the concept of tunable doping by controlling the density 
of dopant moieties on the surface of graphene, based on the self-assembly of alkylated amines 
into highly-regular monolayers.57  
Figure 1-15 shows an example of controllable functionalization of graphene via molecular self-
assembly based on van der Waals (VdW) interactions between graphene and alkylated primary 
amines that differ in the length of the alkyl chain length. The alkylated amines self-assemble in 
rows. By changing the length of the alkane chains, the density of amine groups can be controlled, 
resulting in tunable doping of graphene.57  
Molecular self-assembly is not limited to the formation linear strands. Molecules can self-
assemble into one of the 17 plane groups. For example, trimesic acid (TMA) can form either 
“super-flower” or “chicken wire” patterns on graphene (Figure 1-16). 
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Figure 1-16. Patterning of graphene by trimesic acid via molecular self-assembly.60  
 
1.4. Manufacturing  
Good quality of graphene is essential to the fundamental researches and device fabrication. Since 
in 2004 graphene was first isolated by mechanical exfoliation from graphite using adhesive tape 
by Novoselov and Geim,5 it has been synthesized in various ways and on different substrates. The 
potential applications of graphene are substantially driven by the quality of graphene production.  
  
Figure 1-17. Overview of graphene synthesis techniques. 
Figure 1-17 summarizes the approaches for production of graphene. Among those methods, 
mechanical exfoliation of graphite is a process during which single layer of graphene is isolated 
from bulk highly oriented pyrolytic graphite (HOPG) by using adhesive tape, followed by 
transferring it to a desired substrate. This is a simple way to produce high quality single layer 
Graphene 
Synthesis
Mechanical Cleavage
Reduction of 
Graphene Oxide
Solution and 
Chemical Exfoliation
Chemical Vapor Deposition
(CVD) 
Epitaxial Growth
Chemical Synthesis
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graphene, suitable for fundamental research on the structure and properties. However, this 
method suffers from low yield, low accuracy and reproducibility, which limits its industrial 
production. 
Chemical exfoliation of graphite in solutions producing graphene was first reported by Coleman 
in 2008.61 Unlike mechanical exfoliation, in this method organic solvents with certain surface 
tension intercalate bulk graphite and stay in between the layers, which weakens the cohesive 
interaction between layered graphene sheets. A graphene dispersion can be obtained using 
sonication and centrifugation of graphite powder in specific organic solvents. This method allows 
for the production of high quality graphene with limited amounts of defects and contaminations. 
However, the graphene concentration in those solutions is very low (normally 0.01 mg/mL), 
which is not useful for practical applications. Therefore, many efforts have been devoted to 
increase the graphene concentration in solution. Sonication for prolonged times at low-power 
can avoid the damage to graphene sheets, yielding a much higher concentration.62 A sonication-
free method was also established by using alkali metal graphite intercalation compounds for 
exfoliation in N-methylpyrrolidone, yielding solutions of negatively charged graphene sheets with 
great stability.63  
As a more efficient way to produce massive amounts of graphene, graphite is initially oxidized to 
graphite oxide (GO), which is subsequently exfoliated into monolayer GO and finally reduced to 
graphene sheets. Among various methods, the modified Hummers method is currently the most 
popular way to produce graphite oxide due to its shorter reaction time and environment-friendly 
side products.64,65 An oxidation process widens the graphite interlayer space from 0.34 nm to 
more than 0.6 nm, after which exfoliation is performed by sonication in order to generate 
monolayer graphene oxide in solution. Afterwards, GO is reduced chemically or electrochemically. 
Chemical reduction of GO is normally not efficient enough to completely remove all oxygens in 
GO, resulting in a defective surface and poor electronic properties. For this reason, as a more 
environment-friendly and efficient method, electrochemical reduction of GO is often applied to 
achieve high quality graphene in large scale.66 Other chemical-free methods such as thermal 
treatment67 and UV-irradiation68 also can be used for reduction of GO. 
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By chemical vapor deposition (CVD) on single-crystalline and polycrystalline transition metal 
substrates (e.g. Ni and Cu)69-71 and on dielectric substrates,72 uniform single and few layer 
graphene has been grown in large scale. The graphene growth mechanism strongly depends on 
the metal substrates of interest. On Ni, the substrates are generally annealed in Ar/H2 
environment at 1000 °C to get large grain size, followed by the dissolution of carbon atoms into 
Ni to form a C/Ni solid solution when a H2/CH4 gas mixture is introduced. Finally, it is cooled down 
to room temperature in Ar atmosphere.  
Ni has a high C solubility at elevated temperatures and thus C is dissolved into Ni when the 
substrate is annealed at 1000 °C in CH4 gas. When the temperature goes down, the C solubility 
decreases, leading to diffusion of C atoms out of the solid solution to form graphene on the Ni 
surface. Depending on the cooling rate, the thickness and quality of the graphene layer can be 
controlled.70  
On Cu substrates, the mechanism of graphene growth is different from that on Ni. Because of 
the extremely low C carbon solubility in Cu, when the substrate temperature is increased to 
1000 °C in CH4, carbon atoms prefer to grow on the Cu surface rather than to diffuse into the 
metal. CVD graphene on Cu is a surface reaction process, thus the surface catalytic effect vanishes 
when the surface is fully covered by the first layer of graphene, which prevents the growth of the 
second-layer graphene.73  
Epitaxial growth of graphene is normally done on silicon carbide (SiC) substrates to produce large-
area and high-quality graphene.74,75 At temperatures above 1100 °C, the Si atoms inside SiC 
sublime, and the remaining C atoms re-arrange to form graphene. The main drawbacks of this 
method are the high cost of SiC substrate and high processing temperature.  
Another alternative way to fabricate high-quality graphene is chemical synthesis via bottom-up 
approaches.76,77 Polycyclic aromatic monomers are used as precursors for the condensation 
reaction to form graphene nanoribbons (GNRs). This method provides highly precise and flexible 
structural control.  
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1.5. Problem statement 
Major progress has been made the last decades on molecule-based functionalization of surfaces, 
both using non-covalent as well as covalent functionalization strategies. Graphite and more 
recently graphene are substrates whose functionalization is investigated intensively. 
Functionalization of the latter surface on metallic and non-metallic substrates aims primarily at 
modifying and controlling its electronic properties. 
Covalent functionalization. While great progress has been made, there is a pressing need for 
developing protocols aiming at nanopatterning the graphitic substrates, using covalent protocols. 
Indeed, most covalent functionalization protocols of graphitic substrates are not spatially well-
controlled yet. In case of graphene, the spatially random formation of covalent bonds degrades 
graphene’s electrical properties, including a decrease in charge mobility.78 Controlling 
nanostructured covalent functionalization could address this issue and would also lead to 
opportunities in other areas such as chemistry in nanoconfined spaces.  
Non-covalent functionalization. Molecular self-assembly is a powerful way for the construction 
of architectures and introduction of properties on surfaces, and is guided by molecule-molecule 
and molecule-substrate interactions. Know-how on the effect of solution concentration,79 
solvent,80,81 and substrate82,83 is available. However, it is extremely challenging to go beyond the 
monolayer level, and to decouple functionalities from the substrate by molecular design. In that 
respect, covalent functionalization has conceptual advantages as by design surface 
functionalization is orthogonal.  
Surface characterization: While covalent grafting of graphite using for instance diazonium 
chemistry has been known for two decades, characterization of those surfaces using high-
resolution scanning probe microscopy techniques, in particular scanning tunneling microscopy, 
is lacking. Therefore, information on the effect of surface modification at the nanoscale is missing. 
The same holds for non-covalent functionalization of graphitic substrates under electrochemical 
or potential control. While there is a wealth of data on the visualization of self-assembled 
monolayers on metallic substrates using electrochemical scanning tunneling microscopy, and the 
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impact of surface potential on the supramolecular pattern formation and pattern transition,84-90 
the use of graphite or graphene as substrates for such studies is far less popular.  
 
1.6. Research objectives 
This thesis focuses on functionalization of graphitic substrates (graphite, graphene) via covalent 
means (in particular diazonium chemistry) and non-covalent methods (physisorption and self-
assembly) in a controllable fashion. The focus is on the use of scanning probe microscopy 
techniques such as atomic force microscopy, scanning tunneling microscopy and electrochemical 
scanning tunneling microscopy to characterize these modified surfaces at the nanoscale. The 
more specific aims are listed below: 
1) Explore the feasibility of covalent functionalization of graphene and graphite with 
diazonium chemistry and control the layer thickness and grafting density. Use STM and 
AFM to provide nanoscale insight in the surface morphology (passive mode) and change 
the surface morphology (active mode). – chapter 3 
2) Explore the feasibility to protect graphite and graphene from functionalization by radicals, 
using an ultra-thin monolayer of organic molecules covering the graphitic substrates by 
molecular self-assembly as passivation layer. – chapter 4 
3) Explore the feasibility of spatially controlling covalent functionalization of graphite and 
graphene using a variety of new approaches. – chapter 5 and 6 
4) Explore the feasibility of using a covalently modified graphitic substrate for 
electrochemical sensing, by decoupling the sensing unit from the graphitic substrate. – 
chapter 7 
5) Explore the feasibility of using a non-covalently modified graphitic substrate for 
electrochemical sensing, by directing the sensing unit away from the graphite substrate. 
Modify the surface potential under electrochemical control on graphite to affect the 
molecular organization. – chapter 8 
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Chapter 2 Experimental Methods 
 
The main techniques applied in this thesis are electrochemical methods including 
chronoamperometry (CA), cyclic voltammetry (CV) and differential pulse voltammetry (DPV); 
scanning probe microscopy (SPM) including atomic force microscopy (AFM) and scanning 
tunneling microscopy (STM); and Raman spectroscopy. Furthermore, electrochemical scanning 
tunneling microscopy (EC-STM), allows in situ STM imaging in an electrochemical environment 
under potential control. In this chapter, the working principles of these techniques are 
introduced. The substrates of interest used in this thesis are mainly sp2 hybridized carbon 
substrates including HOPG, CVD graphene on Cu foil, CVD graphene on SiO2 and CVD graphene 
on Pt(111). Here, the general principles are discussed. Specific details are given in the respective 
chapters.  
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2.1. Electrochemistry  
Electrochemistry investigates the chemical reactions taking place at the interface between an 
ionic conductor (electrolyte) and an electronic conductor (a metal or a semiconductor as 
electrodes) on the passage of current. It is useful to distinguish between Faradaic and non-
Faradaic current. Faradaic current is governed by Faraday's law and is associated with the 
electron transfer process itself during oxidation or reduction of a redox species: Ox + ne- ↔ Red.  
Non-Faradaic current has its origin in all other sources of current, where no changes in redox 
state occur: double layer charging, adsorption, etc.  
 
2.1.1. Setup 
All electrochemical (EC) measurements were performed with a potentiostat connected to a 
three-electrode cell including working electrode (WE), reference electrode (RE) and counter 
electrode (CE) (see Figure 2-1). A potentiostatic circuit functions by passing current between 
working and counter electrodes until the desired potential difference between working and 
reference electrode is obtained.  
 
Figure 2-1. Configuration of a three-electrode EC cell in potentiostatic mode. WE: working 
electrode, RE: reference electrode, CE: counter electrode. 
Potentiostat
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I
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For the experiments in this thesis, the three-electrode cell was lab-built with gas inlet and outlet 
holes, Figure 2-2. The exposed area of WE is confined by an O-ring made of Viton. The gas inlet 
holes allow to inject inert gas (e.g. Ar or N2) into the cell and electrolyte to remove O2. 
 
Figure 2-2. Configuration of three-electrode EC cell used in this work. It contains three 
electrodes: RE, CE and WE; electrolyte; a gas inlet allowing pumping in Ar or N2 to provide an 
inert atmosphere. 
The WE is the electrode where the electrochemical processes of interest take place. Common 
WE materials are gold (Au) or platinum (Pt), and also carbonaceous materials such as HOPG or 
glassy carbon. In this thesis, we used HOPG and graphene on various substrates. Depending on 
the potential applied at the WE, the current at the CE has always an opposite sign. For example, 
if there is a reduction reaction taking place on the WE, at the same time, an oxidation reaction is 
taking place at the CE. For protecting the dissolution of CE, normally noble metals (inert metals) 
are used. For a good current flow, some properties are needed including a large area and 
homogeneous potential distribution. In this thesis, the CE we used is a Pt wire. 
As there is no way to measure the absolute potentials but the potential difference, a RE with a 
constant potential is used. By convention, electrochemical potentials use the standard hydrogen 
electrode (SHE) (E=0.000 V) with an activity of H+=1 as reference, but in practice, many other 
reference electrodes can be used. In this thesis, all the potentials refer to a silver/silver chloride 
reference (Ag/AgCl/3M NaCl, E = +0.209 V), except those measurements done in EC-STM, which 
will be discussed later. 
screw
CE
screw
RE
Pt
electrolyte
WE
gas inletgas outlet
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The supporting electrolyte in electrochemical measurements is a solution of an electrochemically 
inactive electrolyte (strong acid, base, salt), which increases conductivity of the solution in order 
to eliminate resistive losses and suppresses the migration effects in solution. The concentration 
of supporting electrolyte is usually at least 100 times higher than that of electroactive substances. 
In this thesis, the supporting electrolytes were inorganic acid/water solutions, inorganic 
salt/water solutions or ammonium salts in high-permittivity organic solvents.  
In order to perform and better interpret an electrochemical measurement, appropriate 
procedures have to be chosen from the following most commonly used techniques, such as 
chronoamperometry, cyclic voltammetry and differential pulse voltammetry. 
 
2.1.2. Chronoamperometry  
Chronoamperometry (CA) is the simplest electrochemical technique, and consists of measuring 
the current transient following a single potential step, Figure 2-3. 
 
Figure 2-3. (a) Potential step during chronoamperometry, from a value E1 where no redox 
process takes place to a value E2 where diffusion-limited oxidation or reduction happens. (b) 
Concentration profiles for various times into the experiment, showing the expansion of the 
analyte diffusion layer as a function of distance x from the electrode surface. (c) Current-time 
transient.  
At t=0, the potential is stepped from a value E1 where no redox process takes place to a value E2 
where an oxidation or reduction reaction proceeds with diffusion-limited rate. Following the 
potential step, the analyte concentration at the electrode surface drops to zero and a diffusion 
layer develops over time, Figure 2-3b. At every instant following the step, the current through 
a) b) c)
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the working electrode is proportional to the concentration gradient, and therefore decreases 
over time, Figure 2-3c. It can be shown that the current decrease is inversely proportional with 
the square root of time, and is described by the Cottrell equation (1), where i is current (A), n 
number of electrons transferred during the reaction, F Faraday’s constant (96485 C/mol), A the 
area of the electrode (cm2), C0 the initial concentration of the analyte (mol/cm3), D diffusion 
coefficient for the analyte (cm2/s) and t time (s).1 
𝑖 =
𝑛𝐹𝐴𝐶0√𝐷
√𝜋𝑡
      eq. (1) 
 
2.1.3. Cyclic voltammetry  
Cyclic voltammetry (CV) is one of the most used electrochemical techniques for studying the 
redox reactions at an electrode.1  
 
Figure 2-4. Applied signal in CV. The potential is varied linearly with time between two values 
E1 and E2, the vertex potentials. The number of cycles and the scan rate can vary widely 
depending on the purpose. 
During cyclic voltammetry, the potential is scanned linearly with time from a potential E1 where 
no redox process happens to a value E2 and back with a constant sweep rate, Figure 2-4. The 
current is plotted as a function of the applied potential, Figure 2-5. If the solution initially contains 
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only a redox species in its oxidized form, the CV starts at potentials well above the redox potential, 
so that no reduction happens at first. As the potential is made more negative, reduction of the 
analyte produces an exponentially increasing current, until diffusion becomes rate-limiting and 
causes a peak current ipc at Epc. Well beyond the peak potential, the situation resembles that of 
the potential step experiment in the previous section. During the reverse scan, the reduced 
species formed during the forward scan is oxidized, causing an anodic current peak with 
magnitude ipa at Epa.  
 
Figure 2-5. A typical cyclic voltammogram for the redox reaction of 1mM K3Fe(CN)6 in 0.2M 
Na2SO4 supporting electrolyte with a scan rate of 10 mV/s at HOPG electrode. The anodic (Epa) 
and cathodic (Epc) peak potential and the corresponding peak current ipa and ipc are indicated. 
In a system, if the electron transfer reaction at the electrode surface is much faster than the mass 
transport in solution (often referred to as reversible reaction), the current is limited by the 
diffusion of the analyte and the peak current is proportional to the square root of scan rate, as 
shown in eq. (2), where ip is the peak current (A) and v the scan rate (V/s). 
𝑖𝑝 = 2.69 × 10
5𝑛
3
2𝐴𝐶𝑣
1
2  eq. (2) 
At any point during the cyclic voltammogram of a reversible redox system, the concentrations at 
the working electrode obey the Nernst equation: 
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 𝐸 = 𝐸0 +
𝑅𝑇
𝑛𝐹
𝑙𝑛
𝐶𝑜𝑥
𝐶𝑟𝑒𝑑
       eq. (3) 
where E is the electrode potential (V), E0 the formal potential of the redox system (V), R the 
universal gas constant (J K-1 mol-1), T the temperature in Kelvin, Cox and Cred the concentration of 
oxidized and reduced species (mol cm-3), respectively.  
If the electron transfer reactions are slow, they are often referred to as quasi-reversible or 
irreversible reactions. The potential change will not cause the generation of concentrations at 
the electrode surface predicted by the Nernst equation, as shown in eq. (3), thus new equilibrium 
cannot be established rapidly in comparison to the scan rate.   
Figure 2-6 shows typical CVs for reversible (blue), quasi-reversible (red) and irreversible (green) 
redox systems with different electron transfer rate constants k0. For a reversible (k0 = 10 cm s-1) 
electron transfer reaction, the peak separation remains constant upon increasing scan rate and 
the peak current is proportional to the square root of scan rate. For a quasi-reversible (k0 = 10-3 
cm s-1) / irreversible system (k0 = 10-7 cm s-1), the peak position shifts to higher values with 
increasing scan rate.2,3 
 
Figure 2- 6. CV shapes between the vertex potentials (V1 and V2) for systems reversible (blue 
curve), quasi-reversible (red curve) and irreversible (green curve) redox systems. 4 
 
34 
 
2.1.4. Differential pulse voltammetry  
Differential pulse voltammetry (DPV) is a combined technique involving a potential staircase and 
pulses, and is used mainly to improve the detection limits and to eliminate the double layer 
charging current background. Due to its sensitivity, this technique is widely used for accurate 
quantitative analysis of trace analytes.  
 
Figure 2-7. (a) Waveform during DPV. The current is sampled at the times indicated by dots. (b) 
A typical DPV curve for an electrochemical reduction.2 
As shown in Figure 2-7, a series of periodical pulses of potential with constant amplitude is 
superimposed on a potential staircase, and the current is measured just before and after the 
pulse. The capacitive current immediately following a step decays exponentially, whereas the 
Faraday-current decreases considerably slower with 1/t1/2. The current difference, which consists 
mostly of Faradaic current, is plotted as a function of potential, Figure 2-7b. 
 
2.2. Scanning probe microscopy 
Scanning probe microscopy (SPM), a group of microscopic techniques, allows surface imaging at 
the atomic level via a physical probe. The main techniques are scanning tunneling microscopy 
(STM), atomic force microscopy (AFM) and variations such as kelvin probe force microscopy 
(KPFM), electrochemical scanning tunneling microscopy (EC-STM), scanning electrochemical cell 
microscopy (SECCM) and so on. SPM has been widely used in physics and chemistry due to its 
a                                                                           b
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ability of visualizing single atoms and molecules in real time and space, opening new possibilities 
in surface science. Today, SPM is not only used to investigate the surface morphology, but is also 
widely applied as a tool in nanoscience and nanotechnology for monitoring electron transfer 
process,5 tunneling junction effect,6-8 molecular break junction,9,10 nanofabrication and 
nanopatterning.11,12  
 
2.2.1. Scanning tunneling microscopy  
STM, as the first instrument in the SPM family, was invented at IBM Zürich in 1981 by Gerd 
Binnig and Heinrich Rohrer who received the Nobel Prize in physics for this achievement.13  
 
Figure 2-8. Potential energy diagram for a solid-vacuum-solid (top) and the corresponding wave 
function (bottom). The wave function before the barrier, exponential decay within the barrier 
and the attenuated wave function after the barrier.14  
The principle of STM is based on the tunneling effect, which can be explained by quantum 
mechanics (see Figure 2-8). Upon bringing a sharp metal tip close enough to a conductive 
substrate but without real contact, and applying a bias voltage, electrons can tunnel through the 
barrier between the apex atom (or several atoms) of the tip and atoms of the substrate and be 
measured as tunneling current.16,17 In classical mechanics, an electron is treated as a particle in a 
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one-dimensional potential box with a total energy Eparticle, for which it is not possible to overcome 
a barrier with height Evac greater than Eparticle. In this case, such a barrier is impenetrable for this 
electron. However, in quantum mechanics, the electron is considered as a wave represented by 
a function based on the wave-particle dualism. Therefore, the electron has a possibility to cross 
the potential barrier on the condition that the tails of the wave functions of both electrodes 
overlap.  
 
Figure 2-9. Schematic STM setup. It consists of a piezoelectric tube, a controller and a feedback 
loop. A bias voltage applied between a metallic tip and a conductive substrate induces electron 
tunneling through the gap, generating tunneling current.18  
A schematic STM setup is shown in Figure 2-9. Apart from the metal tip and conductive substrate, 
the STM contains piezoelectric elements to control the motion of the scanner, a feedback unit to 
adjust the tip-to-sample distance, and a computer. The setup is usually suspended to suppress 
vibrations. There are two different operating modes: constant height and constant current mode. 
For the former case, the vertical position of the tip is kept constant and the variations of the 
tunneling current through the tip are monitored. This mode allows fast scanning, but it is only 
suitable for scanning on an atomically flat surface, as otherwise the tip has a big risk of crashing. 
For the latter case, the tip moves up and down according to the morphology of the substrate 
surface in order to maintain the tunneling current constant via the feedback loop. In this mode, 
the speed of scanning is much lower, but rougher surfaces can be studied. In this thesis, all the 
STM related measurements are in the constant current mode. Besides investigating the surface 
morphology, STM gives access to the local density of states (LDOS), band structure of the surface 
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and the molecules adsorbed on this surface. The local electronic properties can be probed by 
scanning tunneling spectroscopy (STS) as the height of the tip is fixed in tunneling range and the 
applied voltage bias is ramped up and down. The tunneling current through the tip is then plotted 
as a function of bias.19-21  
 
2.2.2. Electrochemical scanning tunneling microscopy  
EC-STM combines the functions of both the electrochemical setup and STM instrument. The first 
report of STM in aqueous electrolyte was by Sonnenfeld and Hansma in 1986.22 A new concept 
of in situ STM imaging was introduced by Itaya and Tomita, which allows simultaneous and 
independent control of tip potential and substrate potential for in situ observation of reactions 
on electrode surfaces under potentiostatic conditions.23 This technique has been widely used in 
the field of in situ monitoring of molecular adsorption,24-26 electron transfer processes,5,27,28 
structure transformation of self-assembled monolayers,29-31 electrochemical reactions,32,33 and 
metal deposition.34  
 
Figure 2-10. EC- STM with the four-electrode configuration containing a normal STM unit and 
a three-electrode electrochemical cell and the STM tip working as the fourth electrode.35  
A schematic EC-STM setup is shown in Figure 2-10, and can be considered as a combination of a 
three-electrode electrochemical cell and an STM controlled by a bipotentiostat. The three-
electrode configuration consists a substrate of interest as WE1, a piece of inert metal wire (Pt or 
Ag) as a quasi-RE and another piece of inert metal wire (Pt) as a counter electrode. The STM tip 
working as another WE2 is coated with non-conductive polymer or wax, in order to minimize the 
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faradaic current when imaging in electrolyte. The tip potential and substrate potential can be 
controlled separately, which allows to select appropriate substrate potential to trigger surface 
electrochemical reaction or dynamics behavior of adsorbed molecules during imaging. The EC-
STM setup used in this thesis is a commercial Agilent technologies 5100 AFM/ STM setup with a 
bipotentiostat unit. 
 
2.2.3. Atomic force microscopy  
AFM was invented by Binnig et al. in 1986, and allows the imaging of both conductive and non-
conductive substrates with nanometer spatial resolution.36 The working principle of AFM is 
shown in Figure 2-11. The surface of interest is scanned by a tip that is attached to the end of a 
force-sensing cantilever. The latter is usually made of silicon (Si) or silicon nitride (Si3N4). 
Cantilevers can be characterized by their force constants and resonance frequencies. The force 
between tip and surface can be detected through the deflection of the cantilever by reflection of 
a laser beam onto a photodetector.  
 
Figure 2-11. Principle of AFM. A laser beam is deflected from the back of a cantilever to a 
photodetector.37  
Three modes are available for AFM imaging: contact mode, non-contact mode and tapping mode. 
In contact mode, two options of measuring are available (constant height mode and constant 
force mode). In constant force mode, the height of the cantilever serves as the output signal 
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while the force between tip and surface is kept constant. The force serves as output signal in 
constant height mode. A typical force-distance curve is shown in Figure 2-12. 
 
Figure 2-12. A typical force-distance curve describing a single approach-retract cycle of the AFM 
tip, which is continuously repeated during surface scanning. The AFM tip is approaching the 
sample surface (A). Jump to contact with the sample surface (B). Tip indentation into the 
sample surface (C). Tip retraction (D), with adhesive forces hampering tip retraction up to the 
point E. Tip withdrawing and losing physical contact to the surface upon overcoming of the 
adhesive forces (F).38  
The tip approaches initially the substrate without any physical contact (state A). When the tip is 
close enough to the surface of sample, it jumps to a contact state (state B) in which the attractive 
force between the tip and substrate surface is sufficiently high. As the attractive force 
continuously increases and turns into a repulsive one, the tip indents into the surface (state C) 
and during this process information about elasticity of surface can be obtained. During this phase, 
the force-distance relationship is described by Hooke’s law: F= k·Z, where k is the characteristic 
spring constant of the cantilever and Z is the deflection measured on the photo-detector. During 
retraction (state D), adhesive forces maintain the contact between tip and surface up to point E, 
which can be directly measured from the force-distance curve. Finally, upon overcoming the 
adhesive force, the cantilever retracts from the surface without any contact (state F). 
Although the contact mode allows to obtain the best resolution of imaging, the adhesion forces 
and the friction forces increase the total force and can lead to a damage of the tip and the sample 
surface. For this reason, other operating modes have been developed that allows a non-
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destructive surface analysis. In non-contact mode, the synergic effect of van der Waals force and 
other long range forces lead to the decrease of resonance frequency of the cantilever. A feedback 
loop system keeps either the oscillation amplitude or the frequency constant by adjusting the 
average tip-sample distance, which allows measuring the distances at each data point for getting 
the topographic images. The main advantage of this mode is to avoid the destructive contact by 
making the cantilever oscillate at a frequency slightly above its resonant frequency. However, the 
disadvantage is low resolution. In order to keep a relatively high resolution and avoid the 
destructive damage of due to tip-sample interaction, intermittent contact mode, also called 
“tapping mode” is frequently used. In this mode, the cantilever is quickly tapping the surface with 
a certain amplitude. By keeping the oscillation amplitude constant, which is used as the feedback 
signal via the z displacement of the piezo ceramics the sample is mounted on, a constant tip-
sample interaction is maintained and a topographical image of the surface is obtained. The phase 
contrast of the cantilever oscillation represents the signal sent to the piezo driver of the 
cantilever, which monitors the phase lag between the signal that drives the cantilever oscillation 
and its output signal. Variations of the mechanical properties of the sample surface can be 
sensitively reflected by the changes of the phase lag. Normally, the AFM systems allow the 
simultaneous collection of the phase images and topographic images. In this thesis, all AFM 
images were measured in tapping mode by a multimode AFM from Bruker. 
 
2.3. Raman spectroscopy 
Raman spectroscopy is one the main spectroscopic methods to detect vibrations in molecules for 
exploring chemical structures and physical forms of molecules in order to identify the substances 
from their characteristic spectra and to quantify the amount of substance. When light irradiates 
matter, photons can be either absorbed or scattered, or may pass through it. If an incident 
photon holds the energy that is equal to a molecule’s energy gap between the ground state and 
an excited state, the photon can be absorbed and the molecule goes to the excited state. This 
process results in absorption spectroscopy, when the loss of the energy of the light is detected.  
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Figure 2-13. Diagram of the Rayleigh (elastic) and Raman (inelastic) scattering processes.39  
However, as shown in Figure 2-13, if the energy of the photon illuminates a molecule at a 
vibrational state to a virtual energy state and then undergoes an elastic scattering to its original 
vibrational state, this is called Rayleigh scattering and if it undergoes an inelastic scattering to a 
vibrational state with a higher energy than before, this is called Raman scattering.39 During the 
Raman scattering, the difference of the energy (wavelength of the light) between the incident 
light and the scattered one is detected, resulting in Raman spectroscopy. This phenomenon of 
inelastic scattering was first observed and published in 1928 by Raman and Krishnan, who were 
awarded the Nobel Prize in 1930 for this discovery.40  
 
2.4. Substrates of interest 
In this thesis, HOPG substrates (grade ZYB, Figure 2-14a), obtained from Advanced Ceramics Inc., 
Cleveland, USA, were used in most cases due to their high quality, easy renewability and atomic flatness. 
An HOPG substrate has a layered structure with an interlayer distance of about 0.34 nm, consisting of only 
carbon atoms. Within each layer, the carbon atoms arrange in a hexagonal structure with the distance of 
the two nearest atoms about 0.15 nm.  
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Figure 2-14. (a) Photograph of the HOPG substrate (the area of HOPG: 12mm x 12mm); (b) 
Schematic illustration of the HOPG lattice parameters.41  
However, in the STM images the distance of the two nearest spots is found to be about 0.246 nm, as 
shown in Figure 2-14b. This is because within the graphite lattice there are two types of inequivalent 
carbon atoms located at either the vacant (β sites) or occupied (α sites) sites with respect to the layer 
underneath, which leads to asymmetric contrast during STM imaging, thus only three of six carbon atoms 
can be visualized. Before each experiment, HOPG was freshly cleaved with a piece of adhesive tape and 
the fragments on the surface were carefully removed. 
 
Figure 2-15. (a) Photograph of the CVD graphene on Pt foil (the area of substrate: 1cm x 1cm); 
(b) on Cu foil (the area of substrate: 1cm x 1cm). 
For some experiments, samples of graphene on various substrates such as Pt foil (Figure 2-15a) 
and Cu foil (Figure 2-15b) were used without any further treatment. The former was obtained 
from IMEC and the latter was purchased from the Graphenea company. Because of the high 
conductivity of the metal substrates, they are convenient for electrochemical experiments or 
functionalization by electrochemical means.  
a) b)
a) b)
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2.5. Interpretation of Raman spectra of graphite and graphene 
Raman spectroscopy is a powerful spectroscopic technique for the characterization of pristine 
and functionalized graphite and graphene. Recognizing typical Raman spectra and understanding 
the origins of the corresponding Raman peaks within the spectra are essential to analyze the 
obtained Raman data, reflecting the status of the measured graphitic samples. 
 
Figure 2-16. (a) Comparison of the Raman spectra of pristine graphene and graphite measured 
with a 514 nm laser. (b) Zoom-in of the 2D peaks in graphene and graphite.42 (c) Schematic 
illustration of the concepts of electronic Brillouin zones of graphene (black hexagons), the first-
phonon Brillouin zone (red rhombus), the electronic dispersion (Dirac cones), the Dirac points 
(K and K’) and the center of the Brillouin zone (Γ).43 
Figure 2-16a shows the typical Raman spectra of pristine graphene and graphite, which contain 
two pronounced peaks G and G’ (also called 2D). The G band, located at around 1580 cm-1 in the 
graphene spectrum (normally for all sp2 carbon system), is a first-order doubly-degenerate (in-
plane transverse optic, iTO and longitudinal optic, LO) phonon mode at the Γ point, due to the in-
plane sp2 C-C vibrational stretching. The G’/2D band (normally located at around 2700 cm-1), on 
the other hand, originates from a second-order scattering process of two iTO phonons near the 
(c)
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K points, caused by the satisfied momentum conservation of the two phonons with opposite 
vectors. Therefore, the G’/2D band is always present and does not need defects for its activation. 
For a single layer graphene, the ratio of the intensity of G’/2D peak and G peak is about 2 (I2D/IG 
=2). When the number of the graphene layer increases, the G band intensity increases nearly 
following a linear trend with the number of graphene layer (from single to multilayer graphene) 
and simultaneously the G peak position shifts to a lower number according to the empirical 
equation: 𝜔𝐺 = 1581.6 + 11/(1 + 𝑛
1.6), where the 𝜔𝐺 is the G band position in wavenumbers, 
and n is number of graphene layer. In contrast, the G’/2D changes not only the peak position but 
also the peak shape with different graphene layers. That is the reason why in graphite the G’/2D 
band is split into two peaks, Figure 2-16b. 
 
Figure 2-17. Typical Raman spectrum of defective graphene measured with a 514.5 nm laser. 
Illustration of the first order Raman scattering process of G band and second-order processes 
of D, D’ and G’/2D bands in graphene.44  
For high-quality graphite and graphene, normally the D band is absent. The activation of the D 
band (normally located at around 1345 cm-1) is often associated with the presence of the 
defective sites (edges, defects, or addition of dopants). Figure 2-17 shows a typical Raman 
spectrum for a defective graphene sample. The D band represents the breathing mode of the sp2 
carbon rings, originating from a second-order scattering process near the K points, involving one 
iTO phonon and one defect. The presence of D’ band at around 1625 cm-1 is associated with the 
presence of D band. While the D band derives from a second-order double-resonance inter-valley 
process, the D’ band originates from an intra-valley process, which connects the two points 
belonging to the same circle near K points. 
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Chapter 3 
Covalent Modification of Graphene and Graphite Using 
Diazonium Chemistry: Tunable Grafting and Nanomanipulation 
In this chapter, we shine light on the covalent modification of graphite and graphene substrates 
using diazonium chemistry under ambient conditions. We report on the nature of the chemical 
modification of these graphitic substrates, the relation between molecular structure and film 
morphology, and the impact of the covalent modification on the properties of the substrates, 
as revealed by local microscopy and spectroscopy techniques and electrochemistry. By careful 
selection of the reagents and optimizing reaction conditions, a high density of covalently 
grafted molecules is obtained - a result that is demonstrated in an unprecedented way by STM 
under ambient conditions. By nanomanipulation, i.e. nanoshaving using STM, surface 
structuring and functionalization at the nanoscale is achieved. This manipulation leads to the 
removal of the covalently anchored molecules, regenerating pristine sp2 hybridized graphene 
or graphite patches, as proven by space-resolved Raman microscopy and molecular self-
assembly studies. 
I performed part of the STM (on graphite and graphene for surface imaging) and 
electrochemical (grafting and electrochemical investigation of the grafted surface towards 
redox-active species) experiments, and was involved in the analysis of the results (the 
statistical analysis of the grafting density) and exchange of ideas. All other authors contributed 
to completing and revising the manuscript. 
Reprinted with permission from ACS Nano 9 (5), 2015: 5520-5535. Copyright (2015) American 
Chemical Society. 
 
These results are published as: 
John Greenwood, Thanh Hai Phan, Yasuhiko Fujita, Zhi Li, Oleksandr Ivasenko, Willem 
Vanderlinden, Hans Van Gorp, Wout Frederickx, Gang Lu, Kazukuni Tahara, Yoshito 
Tobe, Hiroshi Uji-i, Stijn F. L. Mertens, and Steven De Feyter. ACS Nano 9 (5), 2015: 5520-
5535, DOI: 10.1021/acsnano.5bo1580. 
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3.1. Introduction 
Graphene, a single atom thick sheet of sp2 hybridized carbon, is the focus of intense research 
efforts since its isolation by Novoselov et al.1 This is due to its unique electronic, optical, 
mechanical, and thermal characteristics. Despite these exceptional qualities, however, some 
inherent characteristics of graphene preclude its widespread use in technological applications. 
For example, the gapless band structure of pristine graphene leads to low on/off ratios in field 
effect transistors (FET), resulting in large static power dissipation,2 and, consequently, hindering 
the development of graphene based devices. Also, other carbon based sheet-like materials such 
as multilayered graphene and graphite attract a lot of interest. 
To take full advantage of the properties of these two-dimensional (2D) and layered carbon based 
materials, it is important to develop efficient chemical functionalization protocols. For instance, 
chemical defects in the sp2 hybridized surface lattice of graphene are known to promote bandgap 
opening,3-5 one of the requirements for the efficient operation of field-effect transistors. 
Developing protocols for band-gap opening of graphene through chemisorption of organic 
species should provide a high degree of control, through concentration variation and molecular 
design, in a way in which the current state of the art methods do not. The impact of 
functionalization is not limited to electronics. Chemical functionalization of graphene and 
graphite by covalent grafting is relevant for a broad range of applications; for example, sensors,6,7 
and improved graphene solubility.8 New functionality is also anticipated when this covalent 
grafting can be achieved in a (nano)structured fashion.4,9,10  
Graphene has a relatively low chemical reactivity; the electronic structure is such that the π 
electrons are fully delocalized over the entire 2D network. Graphite, and in particular HOPG, a 
high quality form of graphite, is even less reactive.4,11-14 Therefore, in order to perform chemical 
modifications, only very reactive reagents will suffice. Covalent modification of graphene and 
HOPG from radicals produced from diazonium reagents is the most common method of covalent 
modification. The mechanism involves the transfer of a delocalized electron from the carbon 
surface to the diazonium cation, and results in the release of a N2 molecule and the formation of 
a radical species. Subsequently, the radical species attacks a sp2 hybridized carbon lattice atom 
Chapter 3      
 
51 
 
on the surface forming a covalent bond and converting it into sp3. The degree to which actual 
covalent attachment, as opposed to physisorption, takes place, however, is still disputed,15 as 
only very few methods directly probe the covalent bond. 
For many applications, including the significant bandgap opening of graphene, a high density of 
surface defects created through covalent bond formation is required. However, a major 
shortcoming of diazonium chemistry is the limited covalent grafting density in combination with 
multilayer formation or dendritic growth.4,16 An approach to maximize the grafting density and 
to minimize multilayer formation could be the introduction of bulky or protecting groups. Indeed, 
control over the thickness of the grafted layer has been achieved by introducing protecting 
groups into the diazonium reagents, such as silyl17 and hydrazone18 groups, or by using radical 
scavenger species,19 as was demonstrated on glassy carbon. These methods prevent further 
radical attack to pre-grafted species and limits growth of the grafted layer to a monolayer. Hence, 
limiting aryl growth to a single molecular layer is possible by the introduction of sterically 
hindering groups into the precursor diazonium species. A variety of bulky diazonium species have 
been grafted on a range of non-graphitic surfaces.13,14  
For applications where grafted molecules are to be removed locally, a possible approach to form 
(nano)patterned surfaces, the question arises if such can be done in a way that the intrinsic 
properties of graphene or graphite are restored, akin to the removal of thiol-based self-
assembled monolayers on gold.20 Nanopatterning of graphene via nanoshaving of covalently 
grafted molecules and hydrogen has been demonstrated under ultrahigh vacuum (UHV) 
conditions.4,10 However, nanopatterning of grafted graphene has not yet been achieved under 
ambient conditions. 
Consequently, there is a pressing need for high-density grafting of graphene and other graphitic 
substrates, without multilayer formation. Furthermore, reliable protocols must be developed for 
the controlled nanopatterning of covalently grafted graphene and other graphitic substrates. 
Another challenge is the quantitative evaluation of the grafting density.  
In this study, we compare the relation between molecular structure and grafting morphology and 
density onto graphite and graphene of 4-nitrobenzenediazonium (4-NBD)3-5,21-24 
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tetrafluoroborate and bulky 3,5-di-tert-butylbenzenediazonium (3,5-TBD), see Figure 3-1 for the 
respective chemical structures and reaction schemes. Both compounds are expected to form aryl 
radicals via electrochemical reduction and to graft onto these substrates, but their different 
structure should lead to different film morphologies. We demonstrate using AFM and STM that 
the bulky tert-butyl groups on 3,5-TBD prevent multilayer polyaryl film growth, limiting grafting 
to monolayer coverage, and leading to a high surface density of the grafted species. Furthermore, 
STM allows for the first time to visualize and address individual covalent grafting sites in ambient 
conditions on previously defect-free sp2 carbon surfaces. Using scanning probe microscopy based 
nanomanipulation protocols under ambient conditions we can remove the grafted layer. 
Importantly, we prove that this procedure regenerates the original sp2 pristine graphite surface, 
as proven by confocal Raman spectroscopy and molecular self-assembly.  
 
Figure 3-1. Chemical structures of (a) 4-NBD tetrafluoroborate and (b) 3,5-TBD; reaction 
scheme (c) for the reduction of 4-NBD to a nitrophenyl radical, and (d) for the conversion of 
the amino group of 3,5-di-tert-butylaniline to a diazonium group, and subsequent reduction to 
an aryl radical. 
 
3.2. Experimental section 
All STM experiments were performed using a Molecular Imaging STM system, operating in 
constant-current mode. STM tips were prepared by mechanical cutting of Pt/Ir wire (80%/20%, 
diameter 0.25 mm). The bias voltage refers to the substrate. For AFM measurements, a 
Multimode AFM with a Nanoscope IV controller (Veeco/Digital Instruments) was employed in 
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intermittent contact mode. Substrates consisted of HOPG (grade ZYB, Advanced Ceramics Inc., 
Cleveland, OH). Graphene samples were obtained from Graphenea, and consisted of CVD grown 
graphene on Cu foil. STM and AFM data analysis was performed using WSxM 5.0.  
4-Nitrobenzenediazonium (4-NBD) tetrafluoroborate (97%) and analytical grade hydrochloric 
and perchloric acid were purchased from Sigma–Aldrich and used without further purification. 
High purity water (Milli-Q, Millipore, 18.2 MΩ cm, TOC < 3 ppb) was used throughout. Electrolyte 
solutions were deoxygenated with argon gas (grade 5.0, Praxair) for several hours before use.  
3,5-Bis-tert-butylbenzenediazonium (3,5-TBD) is unstable, and decomposes rapidly; hence, it was 
synthesized from the aniline precursor immediately prior to electrochemical reduction. 3,5-Bis-
tert-butylaniline (98%) was purchased from TCI-Tokyo Chemical Industry Co., Ltd. and used 
without further purification. 3,5-TBD solutions with concentrations between 0.1 and 10 mM were 
prepared by dissolving the desired amount of 3,5-bis-tert-butylaniline in HClaq (0.5 M); aqueous 
NaNO2 (0.1 mL, 1 M) was mixed with 5 mL amine solution approximately 3 minutes prior to 
injection into the electrochemical cell.  
All electrochemical measurements were performed using an Autolab PGSTAT101 potentiostat 
(Metrohm–Autolab BV, The Netherlands). Prior to each experiment, the HOPG electrode was 
freshly cleaved using scotch tape. The electrochemical modification of the HOPG and graphene 
samples was carried out in a lab-built single-compartment three-electrode cell, with a working 
electrode area of 38.5 mm2, Pt wire counter and Ag/AgCl/3M NaCl reference electrodes. During 
the measurements, the electrolyte was kept under a solvent-saturated Ar (grade 5.0, Praxair) 
atmosphere. After modification, the 4-NBD and 3,5-TBD modified HOPG and graphene samples 
were rinsed with Milli-Q-water to remove any physisorbed material from the surface, and dried 
in a stream of argon. 
Raman measurements were performed with an OmegaScopeTM 1000 (AIST-NT). Laser light 
(632.8 nm) from a He-Ne laser was focused onto the sample surface from the side (with an angle 
of 28˚ to sample surface) and top, for 'grating' and 'normal' measurements, respectively, through 
an objective (MITUTOYO, BD Plan Apo 100x, N.A. 0.7). Optical density at sample surface was 
about 500 kW/cm2. Raman scattering was collected with the same objective and directed to a 
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Raman spectrograph (Horiba JY, iHR-320) equipped with a cooled-charge coupled device (CCD) 
camera operated at -100 ˚C (Andor technology, DU920P-BRDD) through a pinhole, a dichroic 
mirror (Chroma Technology Corporation, Z633RDC) and long pass filter (Chroma Technology 
Corporation, HQ645LP). Accumulation time for each point in 'grafting' measurement was 1 s. All 
of the measurements were carried out under ambient conditions and at room temperature.  
 
3.3. Results and Discussion 
3.3.1. Covalent modification of HOPG and graphene via electrochemical 
reduction of diazonium  
We have utilized a combination of complementary surface analytical techniques to gauge the 
quality and extent of covalent attachment (chemisorption) of aryl species on graphene and HOPG. 
Cyclic voltammetry provides a qualitative assessment of the grafting process. AFM gives 
topographical information on the surface deposits. STM visualizes the sites of covalent 
attachment and gives a reliable estimation of the surface coverage. Raman spectroscopy and 
microscopy provide information on the hybridization (sp2 vs sp3) of surface lattice sites. 
Electrochemical surface modification of HOPG and graphene was carried out during cyclic 
voltammetry in aqueous solutions of the diazonium compounds.  Detailed protocols are given in 
the Methods section. Figure 3-2a shows representative CVs of HOPG exposed to aqueous 1 mM 
4-NBD + 0.1 M HClO4. The first cycle shows a broad irreversible peak around E = –30 mV vs 
Ag/AgCl, which is assigned to the reduction of the 4-NBD cations and the formation of the 
corresponding aryl radicals.23,25 The second cycle is featureless, which suggests blocking of the 
surface by the products formed during the first cycle, on carbon23,25 and non-carbon13,26,27 
surfaces alike. Analogous behavior is observed for 4-NBD modification of graphene, Figure 3-2c. 
The disappearance of the peak feature after the first cycle is often taken as evidence that 
covalent grafting has resulted in the formation of a non-conducting surface film, although 
physisorption could equally account for this.15  
Chapter 3      
 
55 
 
 
Figure 3-2. CV of (a) HOPG in 1 mM 4-NBD, (b) HOPG in 1 mM 3,5-TBD, (c) CVD graphene on Cu 
in 1 mM 4-NBD, and (d) CVD graphene on Cu in 1 mM 3,5-TBD. Supporting electrolyte 0.1 M 
HClO4 (a, c) or 0.5 M HCl (b, d). Scan rate 50 mV s–1. Potential limits: (a) 0.4 to -0.4 V, (b) 0.6 to 
-0.5 V, (c) 0.6 to -0.4 V, and (d) 0.6 to -0.8 V.  
The electrochemical reduction of the sterically hindered 3,5-TBD on HOPG is shown in Figure 3-
2b. Compared to 4-NBD (Figure 3-2a), the irreversible reduction peak has a well-defined shape 
and occurs at somewhat more negative potentials. Significantly, the current observed in 
subsequent cycles decreases more slowly than with 4-NBD, which may indicate a more gradual 
modification of the electrode surface, or that the surface modification does not block further 
electron transfer. Again, analogous behavior is observed for 3,5-TBD modification of graphene, 
Figure 3-2d.  
 
3.3.2. Raman characterization of NBD and TBD modified HOPG 
Raman spectroscopy directly discloses information related to surface defects formed on carbon 
surfaces. The D-peak in the Raman spectra of graphene and HOPG is activated by lattice defects, 
including the formation of sp3 hybridization by covalent chemistry.28 The integrated intensity 
ratio of the D- and G-peaks (ID/IG) is a measure of the concentration of covalent defect sites, and 
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is a standard method to characterize the degree of covalent functionalization.3,24 Therefore, this 
technique has been used to determine the extent of sp3 hybridized defects formed after grafting 
with the diazonium reagents.  
 
Figure 3-3. Raman spectra for (a) 4-NBD grafted on HOPG from a 1 mM solution, and for (b) 3,5-
TBD grafted on HOPG from 0.1, 0.3, 0.6, 1, 2, and 5 mM solutions, as well as for pristine HOPG. 
(c) D/G-band intensity versus 3,5-TBD concentration. (d) Raman spectra for 3,5-TBD grafted on 
HOPG from 10 mM solution.  The spectra were averaged over 5 sample spots. Integration time 
100 s. 
The Raman spectrum in Figure 3-3a is for 4-NBD grafted on HOPG from a 1 mM solution. Note 
that all Raman spectra in this section were averaged over 5 sample spots. Raman peaks are 
observed at 1576, 2458, 2629, and 2679 cm-1. The intense peaks at 1576 and 2679 cm-1 are 
assigned to the G-band and 2D-band, respectively. The additional band at 1336 cm-1 (ID/IG = 0.006) 
corresponds to the D-band, which can only be activated where a structural disorder is present in 
the sp2 carbon lattice,29 shown in the inset in Figure 3-3a. The D-band intensity after grafting from 
a 1 mM solution of 4-NBD is extremely low, indicating a very low number of sp3 defects in the 
carbon surface due to grafting. If grafting is performed from 4-NBD solutions with concentrations 
above 1 mM, there is no further increase in the ID/IG value. No D-band is observed after grafting 
from 0.01 and 0.1 mM 4-NBD solutions, which likely stems from too low a number of generated 
sp3 defects to produce a detectable D-band.  
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Figure 3-3b shows the Raman spectra after grafting of 3,5-TBD on HOPG from solutions 
containing 0.1, 0.3, 0.6, 1, 2, and 5 mM, as well as for bare HOPG. Bands are observed at: 1330, 
1578, and 2674 cm-1. The intensity ratios of the D- to G-bands are as follows: 0.1 mM (ID/IG = 
0.0004), 0.3 mM (ID/IG = 0.047), 0.6 mM (ID/IG = 0.076), 1 mM (ID/IG = 0.086), 2 mM (ID/IG = 0.093), 
and 5 mM (ID/IG = 0.1). Figure 3-3c shows that the relative D-band intensity at 1330 cm-1 increases 
for higher concentrations until it reaches a plateau at approximately 5 mM; the D-band intensity 
was found to be approximately the same as for a 10 mM sample (ID/IG = 0.1, spectrum shown in 
Figure 3-3d), indicating that the D-band intensity maximum value occurs at ~ 5 mM. In the case 
of 3,5-TBD, the D-band intensity obtained with a 1 mM solution is relatively much larger than 
that observed for 4-NBD at the same concentration, as side reactions leading to polyaryl 
structures are not possible with 3,5-TBD. 
The Raman spectrum for bare HOPG did not contain any D-band (see the background curve for 
bare HOPG, Figure 3-2b), indicating that the HOPG sample used did not contain any significant 
defects. Consequently, any D-band observed in Raman spectroscopy on grafted samples is the 
result of sp2-to-sp3 rehybridization from aryl grafting to the HOPG surface. Importantly, we did 
not observe any D-band developing on bare HOPG as a result of scanning, excluding laser-induced 
damage at the power levels used. 
 
3.3.3. Raman characterization of NBD and TBD modified CVD graphene on Cu foil 
Figure 3-4a shows the Raman spectrum for 4-NBD 1 mM functionalized CVD graphene on Cu. A 
very intense D-band is observed at 1332 cm-1 (ID/IG = 1.14). 5 mM 4-NBD modification resulted in 
a significantly lower D-band intensity compared to 1 mM, shown in Figure 3-4b, and a white film 
was visible by eye on the graphene surface, even after washing with Milli-Q water. This is likely 
caused by extensive polyaryl formation or precipitation, decreasing the extent of grafting. The 
graphene samples used were of good quality, with a negligible degree of defect sites present on 
the pristine samples in the Raman spectra. Akin to HOPG, no physical damage was incurred from 
the Raman laser during scanning at the power levels used. 
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Figure 3-4c shows the Raman spectrum after grafting of 3,5-TBD on graphene from solutions 
containing 0.1, 0.3, 0.6, 1, and 5 mM, as well as for pristine graphene. The main peak positions, 
as well as the ID/IG and I2D/IG values are stated in Table 3-1. On increasing the concentration of 
3,5-TBD, the D- and D’-band intensities increase; also, the 2D-band broadens and the intensity 
decreases. The behavior of increasing D-band growth for higher concentrations of 3,5-TBD on 
graphene closely correlates with that of grafting on HOPG. The D-band intensity reaches a 
maximum value (ID/IG = 3.1) for grafting with 3,5-TBD of 5 mM concentration. The intensity 
decrease and broadening for the 2D-band is associated with defect formation on graphene. A red 
shift is observed relative to pristine graphene for the D-, D’-, G-, and 2D-bands, highlighted in 
Figure 3-4c, which increases for higher 3,5-TBD concentrations. The trend for the red shift of the 
D-, G-, and 2D-bands is shown in Figure 3- 4e. In all cases, the gradient of the shift is initially large 
for 3,5-TBD concentrations of between 0.1 and 1 mM, then levels off at 5 mM.  
 
Figure 3-4. Raman spectra for CVD graphene on Cu after grafting of (a) 4-NBD from 1 mM 
solution, (b) 5 mM solution and (c) 3,5-TBD from 0.1, 0.3, 0.6, 1, and 5 mM solutions, as well as 
pristine CVD graphene on Cu. Integration time 100 s. The spectra are normalized with respect 
to I(G). (d) Raman spectra of the D-, G-, D’- (adjacent to G-band), and 2D-bands showing a red 
shift with respect to pristine graphene upon increasing 3,5-TBD concentration. (e) Relative 
Raman shift of the D-, G-, and 2D-bands as a function of 3,5-TBD concentration.   
As an important intermediate conclusion, the Raman spectroscopy data unambiguously indicates 
covalent attachment of the aryl radicals formed from the diazonium reagents to both HOPG and 
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graphene. The larger intensity ratio of the D- and G-peaks for 3,5-TBD modified HOPG and 
graphene, compared to 4-NBD, indicates there is a greater extent of covalent functionalization 
for this species. 
The red shift can be understood on the basis of the elongation of the carbon-carbon bonds after 
grafting, which are subsequently weakened and therefore lower their vibrational frequency.30 
The red shifts indicate that the electronic properties of graphene are significantly affected by 
strain caused after grafting, breaking the sublattice symmetry of graphene.30,31 Ni et al. have 
observed analogous results to our own of the red shifts of the G- and 2D-bands when they put 
graphene under controlled uniaxial strain by stretching the flexible substrate.30 In the same study, 
the authors calculated a band gap opening of the strained graphene at the K point of the Brillouin 
zone. The size of the band gap is shown to increase linearly with the increase of tensile strain, 
producing a band gap of ~ 300 meV for a strain of 1 %. We conclude, therefore, that grafting of 
graphene with 3,5-TBD results in a band gap opening, attributed to the breaking of sublattice 
symmetry of graphene under strain.30,32-34 Significantly, the extent of red shift of the G- and 2D-
bands and, hence, of the band gap is tunable by concentration control of the diazonium precursor 
reagent.  
For graphene FET applications, the minimum band gap to be comparable to silicon is ~ 1 eV.35 So 
far, chemical functionalization has fallen short of this minimum requirement. Niyogi et al. used a 
combination of Raman spectroscopy and angle resolved photoemission spectroscopy (ARPES) to 
characterize nitrophenyl-grafted graphene samples.3 Both exfoliated and epitaxial graphene on 
SiC were subjected to covalent functionalization by 4-NBD and subsequent spectroscopic analysis, 
revealing the opening of a band gap of ~ 0.4 eV.11 The authors observed a considerable red shift 
of the G- (22 cm-1) and 2D-band (71 cm-1) following nitrophenyl-functionalization of epitaxial 
graphene. In contrast, the Raman spectrum in Figure 3-4a for 4-NBD modified graphene at 
saturation coverage shows a smaller red shift of the G- (3 cm-1), and 2D-band (6 cm-1) relative to 
the pristine graphene reference. The discrepancy is likely due to a different effect of the substrate. 
Indeed, the authors also demonstrated that nitrophenyl-functionalized exfoliated graphene 
showed a slight blue shift of the G- (5 cm-1) and 2D-bands (1 cm-1). Therefore, the much larger 
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red shift for the same peaks for 3,5-TBD than for 4-NBD can be associated with a larger graphene 
band gap opening.  
Table 3-1. Raman spectra peak positions for a series of concentrations of 3,5-TBD grafted to 
graphene 
Concentration 
(mM) 
I(D)/I(G) I(2D)/I(G) D-band 
(cm-1) 
G-band 
(cm-1) 
D’-band 
(cm-1) 
2D-band 
(cm-1) 
0 (Pristine 
graphene) 
0.1 1.7 1333 1587 No peak 2658 
0.1 0.1 1.7 1333 1586 No peak 2658 
0.3 2.4 0.6 1331 1583 1618 2655 
0.6 2.7 0.6 1327 1581 1614 2646 
1 2.4 0.2 1315 1580 1605 2629 
5 3.1 0.4 1310 1579 1604 2614 
 
Chemical doping is an effective method to tailor the electrical properties of graphene, and both 
p-type and n-type conductions are desired to construct complex logic circuits. Raman 
spectroscopy can be used to determine the extent of doping. The G-peak position blue shifts and 
its full width at half maximum (FWHM) decreases for both electron and hole doping.36 For both 
electron and hole doping, the peak intensity ratio I2D/IG ratio is known to decrease.37 
Experimentally, the behavior of the 2D-peak upon doping can be used to discriminate between 
electron and hole doping: its position remains almost unchanged for electron concentrations up 
to ~1.5 × 1013 cm–2, while it shifts down for larger concentrations. Conversely, an upshift is 
observed in case of hole accumulation.37 In principle, 3,5-TBD grafting to graphene could act as 
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an electron dopant via σ-conjugation of the tert-butyl groups to the graphene substrate. 
However, the red shift in the Raman data shown here, caused by strain from defect formation, 
essentially neutralizes the ability to characterize doping by analyzing the G- and 2D- band shifts. 
The decrease in 2D-band intensity also cannot be used for doping characterization since it 
inherently decreases on defect formation. Consequently, there is no significant evidence of 
doping of graphene by grafting with 3,5-TBD. Grafting of 4-NBD to graphene38 and graphene 
nanoribbons (GNRs)39 is known to act as a p-dopant; however, no evidence was observed in the 
Raman spectrum either, possibly also due to the strain caused by grafting, resulting in a red shift 
of the G- and 2D-bands. Nevertheless, we believe electron doping from grafting of 3,5-TBD to be 
viable, and to warrant further investigation. 
 
3.3.4. AFM characterization of NBD and TBD modified HOPG 
To gain further insight into the difference between 4-NBD and 3,5-TBD reactivity, we investigated 
the film morphology of grafted HOPG samples using AFM. The AFM images and line profiles of 4-
NBD grafted HOPG from 0.01 and 1 mM solutions are shown in Figure 3-5a and 5b, respectively. 
For the low concentration sample (0.01 mM), bright patches are imaged along with large areas 
of bare surface. The height of the step between two bare surfaces is measured as 0.35 nm, 
identical as for unmodified HOPG, suggesting the bare surface areas are pristine HOPG. Adsorbed 
material is also observed on the step edge in the image. The height profile of the features on the 
HOPG basal plane and step edge are measured as 2 – 3 nm (inset of Figure 3-5a). To determine 
the height variation of the multilayer film, roughness analysis was performed using WSxM,40 
which gave a root mean square (RMS) roughness of 0.53 nm. The calculated height for a vertically 
oriented nitrophenyl group is ~ 0.8 nm.41 Therefore, the much larger height profile measured 
indicates that polyaryl growth already occurs at 0.01 mM of 4-NBD. Consequently, polyaryl film 
growth must be kinetically very favourable and hinders high coverage of aryl radicals grafting 
directly to the HOPG surface. Figure 3-5b shows a much more densely packed structure formed 
from a 1 mM solution of 4-NBD. The height profile gives a maximum value of ~ 2.5 nm (see inset). 
This value is less than that observed for the lower concentration (0.01 mM) sample, indicating 
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that the line profile does not reach the surface; hence, no bare HOPG surface is exposed in this 
case. The RMS roughness value in this case is 0.34 nm.   
 
Figure 3-5. AFM height images after grafting of 4-NBD on HOPG from (a) 0.01 mM or (b) 1 mM 
solutions, and after grafting of 3,5-TBD on HOPG from (c) 0.01 mM or (d) 1 mM solutions. AFM 
images after scratching the grafted layer with the AFM tip on (e) 4-NBD and (f) 3,5-TBD grafted 
HOPG with their corresponding height histogram, both from 1 mM solutions.  
An AFM image for HOPG modified with 3,5-TBD (0.01 mM) is shown in Figure 3-5c. Bright spots 
are observed on the surface. Height profile analysis (see inset) shows that the spots are quite 
uniform in height, at approximately 0.8 – 1 nm, with an RMS roughness of 0.023 nm, indicating a 
high degree of height uniformity. If a more concentrated solution is used (1 mM, Figure 3-5d), 
the image appears uniform, confirmed by an RMS roughness of 0.085 nm. In this case, no 
resolution of the individual adsorbed species was obtained due to tip convolution. 
To accurately ascertain the organic film thickness at 1 mM 4-NBD, scratching with the AFM tip 
was performed to expose the HOPG surface, Figure 3-5e. The depth of the scratched line was 
measured as 3.6 ± 0.5 nm. This value is comparable to the thickness measured by Ma et al. of 3.5 
± 1.3 nm for 4-NBD electrodeposited on HOPG.15 These authors concluded that multilayer 
coverage occurs, based on the calculated height of ~ 0.8 nm41 for a vertically oriented nitrophenyl 
(NP) group. This result also explains the disappearance of the reduction peak after one cycle for 
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4-NBD (1 mM) grafting on HOPG and graphene, since the thick polyaryl layer formed prevents 
further electron transfer. During grafting of 0.01 mM 4-NBD, the bare surface parts allow futher 
electron transfer. After scratching with the AFM tip, there is a build-up of deposit at the edge of 
the scratched area. We conclude, therefore, that upon scratching with the AFM tip, the detached 
species are pushed to the edge and on top of the polyaryl layer. The accumulated species likely 
consist of aryl oligomers.  
To confirm whether grafting of 3,5-TBD on HOPG is limited to a single layer, AFM tip scratching 
was also performed on the 1 mM sample, Figure 3-5f. The scratched line depth was measured as 
0.67 ± 0.31 nm. This corresponds to the height of a single 3,5-TBD molecule, confirming that 
grafting in this case is limited to a single molecular layer. Histogram data for AFM scratching is 
shown beside each image. The observation of single layer growth explains why electrochemical 
reduction of 3,5-TBD remains possible during consecutive scans. 
 
3.3.5. STM characterization of NBD modified HOPG 
While AFM is helpful in understanding film morphology, this technique is not ideal to 
quantitatively evaluate the density of covalent anchoring sites due to spatial resolution issues, in 
particular at high substrate coverage. STM, which is sensitive to the local density of states (LDOS) 
at the surface, may be more helpful here. The LDOS should be affected by the covalent 
modification, only at the grafting sites. Therefore, there is good hope that STM can reveal those 
sites. As shown in Figure 3-6, image contrast very different from the AFM imaging is obtained. 
After grafting from 0.01 mM 4-NBD (Figure 3-6a), bright features are observed at the step edges, 
with a height profile of approximately 1.5 nm. Spots on the terraces are very few (Figure 3-6b), 
also with a height profile of 1.5 nm. As shown in Figure 3-6c and 6d, the population of spots on 
the terraces is proportional to the concentration of the grafting solution. The variation in the 
appearance of the 4-NBD modified sample in Figure 3-5b and 6d, visualized by AFM and STM, 
respectively, can be accounted for by the difference in the scanning mechanism of the two 
techniques. Since multilayer oligomer structures are formed following 4-NBD modification, AFM 
will visualize the topography of a broad top layer. STM, on the other hand, images mostly the 
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covalent attachment points. The height profile of the bright STM features at all concentrations is 
comparable, at approximately 1.5 nm, and was constant for the range of tunneling parameters 
used (setpoint current 0.05–0.15 nA and bias voltage 0.4–0.9 V).  
    
Figure 3-6. STM images after grafting of 4-NBD on HOPG from (a,b) 0.01 mM, (c) 0.1 mM, and 
(d) 1 mM solutions.  Line profiles are shown as insets. Tunneling parameters (a,b) Iset = 0.08 nA, 
Vbias = –0.5 V; (c) Iset = 0.3 nA, Vbias = –0.4 V; (d) Iset = 0.08 nA, Vbias = –0.6 V. 
The measured spot width, however, is not constant for the range of concentrations used: at 0.01 
and 0.1 mM, the average diameter of the spots is 1.6 ± 0.1 nm, whereas at 1 mM, the average 
diameter increases to 2.7 ± 0.1nm. These values are too large to account for a single molecular 
species, and must consist of multiple molecules, referred to as clusters hereon. The lateral 
propagation at higher concentration is likely due to an increased reactivity of the lattice sites 
surrounding grafted molecules. The distribution of the clusters across the surface is not uniform, 
but displays a large variance. Statistical analysis of a 40,000 nm2 scan area of five different 
locations on each of three separate samples (grafting from 1 mM solutions only) gave an average 
cluster density of 0.01 per nm2.  
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3.3.6. STM characterization of TBD modified HOPG 
We have also used STM to characterize grafted 3,5-TBD on HOPG. At 0.01 mM (Figure 3-7a), 
bright spots are observed on the step edges and on the terraces; however, the coverage on the 
terrace sites is extremely low. On increasing the 3,5-TBD concentration to 0.1 mM (Figure 3-7b), 
the coverage of bright spots increases significantly. At 1 mM (Figure 3-7c), a very high density of 
bright spots is observed. The density of the adsorbed species at 1 mM is clearly higher than that 
observed for 4-NBD at the same concentration on HOPG, at 0.9 ± 0.1 clusters per nm2. This also 
correlates with the higher D-band intensity observed in the Raman spectrum for 3,5-TBD. After 
grafting from a 2 mM solution (Figure 3-7d), the density of grafted structures is so high that tip 
convolution prevents the acquisition of the cluster density. STM images after grafting from even 
higher concentrations up to 10 mM show similarly densely packed structures (Figure 3-7e and f) 
in agreement with a levelling off in the intensity ratio of the D/G bands in the Raman spectra at 
these concentrations (see above). 
 
Figure 3-7. STM images after grafting of 3,5-TBD on HOPG from (a) 0.01 mM, (b) 0.1 mM, (c) 1 
mM, (d) 2 mM, (e) 5 mM and (f) 10 mM solutions. Line profiles are shown as insets. Tunneling 
parameters (a,b) Iset = 0.08 nA, Vbias = –0.6 V; (c) Iset = 0.1 nA, Vbias = –0.4 V; (d) Iset = 0.16 nA, Vbias 
= –0.7 V. (e,f) Iset = 0.08 nA, V bias = –0.4 V. 
Similar to the behavior of 4-NBD, the density of spots increases with higher concentration 
following modification of HOPG with 3,5-TBD. The height profile of the spots for all 
e) f)
c)
d)
a) b)
40 nm 40 nm 40 nm
40 nm 20 nm 20 nm
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concentrations is measured as 0.7–1 nm. The value correlates well with the height profile of the 
spots measured with AFM; hence, the height profiles measured with STM confirm that the 
observed spots are a single molecule in height. In contrast to 4-NBD, the width of the spots for 
3,5-TBD stays constant for the concentration range 0.01–1 mM, measured as 2.1 ± 0.1 nm. 
Analogous to 4-NBD, this value must consist of clusters of molecules, being too large to account 
for a single molecule. 
 
3.3.7. STM characterization of NBD and TBD modified graphene 
STM images for 4-NBD and 3,5-TBD modified CVD graphene on Cu are shown in Figure 3-8a and 
b, respectively. Bright features are observed on both samples, whose coverage and distribution 
are analogous to those observed on HOPG. Again, the surface coverage after functionalization of 
graphene with 3,5-TBD is much higher than with 4-NBD, in agreement with the larger D/G band 
intensity in the Raman spectrum, described previously.  Also the height profiles of the clusters on 
graphene, 1–1.5 nm following modification with 4-NBD (Figure 3-8a), and 0.8–1 nm for grafted 
3,5-TBD (Figure 3-8b), are in agreement with values found on HOPG.    
 
Figure 3-8. STM images of clusters after grafting from a 1 mM solution of (a) 4-NBD and (b) 3,5-
TBD on CVD graphene on Cu. (c) Large scale and (d) high resolution STM images of graphene 
on Cu. Tunneling parameters: (a, b, c) Iset = 0.08 nA, Vbias = –0.7 V and (d) Iset = 0.2 nA, Vbias = 
0.01 V. 
c) d)
a) b)
35 nm
15 nm 15 nm
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All experimental evidence on HOPG and CVD graphene on Cu indicates that grafting of 4-NBD 
results in polyaryl growth. Following initial covalent attachment of aryl species to the surface, 
aryl radicals in solution can form covalent bonds at the ortho position with respect to the nitro 
group. Based on AFM data, polyaryl growth is found to already occur in the lowest concentration 
regime, at 0.01 mM. Therefore, radical attachment to pre-grafted aryl species must be kinetically 
very favorable. Consequently, every grafted (poly)aryl species functions as an ultra-
microelectrode surrounded by a hemispherical diffusion layer,42 limiting the number of 
nitrophenyl species directly grafted to the surface. In contrast, grafting of 3,5-TBD leads to 
monolayer growth, as the tert-butyl moieties prevent further radical attachment to pre-grafted 
species and therefore preclude multilayer growth. This enables a large proportion of the radicals 
in solution to graft directly to the surface, resulting in high density grafting. Figure 3-9 illustrates 
this concept.  
 
Figure 3-9. Grafting behavior of 4-NBD and 3,5-TBD, showing dendritic growth or monolayer 
formation. 
 
3.3.8. STM visualization of single grafting site 
In addition to the size of the bright spots, the so-called clusters, that are larger than the 
dimensions expected for individual grafting sites, STM images reveal another interesting aspect. 
The image in Figure 3-10a shows the 4-NBD clusters imaged along with the graphite lattice. It is 
apparent that there is a distortion to the graphite lattice in the vicinity of the clusters. The 
diameter of the distortions is not constant, and ranges from 8 to 2 nm. The height profile of the 
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clusters is 0.4 – 0.8 nm. This value is significantly lower than that measured for the clusters in the 
previous images at different scanning parameters. The reason for the height difference could be 
a change in the measured LDOS of the polyaryl clusters at the scanning parameters used for 
imaging the graphite lattice. The cluster diameter is ~ 2.5 nm, similar to those in the previous 
images. The lateral size of the bright spots is in line with theoretical studies that suggest that 
radical attachment to the carbon lattice occurs in pairs.29,30 Therefore, the cluster formation 
observed is likely due to further aryl radicals attacking the carbon lattice at the periphery of the 
nucleation sites. In addition, upon the attachment of an aryl pair, the rehybridization of the 
carbon lattice atoms to sp3 will distort the surrounding sites, causing buckling of the graphite 
lattice, which is picked up in the STM imaging of the graphite lattice. These sites are known to be 
more reactive,5 but further lateral propagation of the clusters is probably offset due to steric 
hindrance factors.  
Direct high-resolution UHV-STM imaging of grafting has been attempted by Stevenson et al.,43 
but on a graphene substrate with very high native defect density estimated at 2 x 1012 cm–2, which 
may heavily interfere with the grafting chemistry and morphology.  A study by Lucchese et al. has 
shown a similar distortion effect of HOPG with UHV-STM around the defect sites caused by Ar+ 
ion beam damage.44 In addition, chemisorption of diazonium species on graphene has shown a 
transmission electron microscopy image revealing an expanded lattice constant due to the 
formation of sp3 C-C bonds.45 The STM results we present here are the first to show lattice 
distortions from sp3 defects following grafting on pristine and virtually defect-free HOPG in 
ambient conditions. 
The aryl species are not stable under STM scanning at the high current and low bias values 
required for imaging the graphite lattice (Iset = 0.1–0.3 nA and Vbias = –0.001 up to –0.1 V).  
Consequently, the grafted structures can only be imaged once or twice while imaging the 
graphite lattice before being removed by the STM tip. This effect is illustrated in Figure 3-10: two 
of the clusters in Figure 3-10a have been labeled A and B for reference; the subsequent STM 
image (Figure 3-10b) shows that two of the original clusters have disappeared. The HOPG lattice 
can be imaged after removal of the clusters by the STM tip. No defects or distortions are detected, 
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strongly suggesting that the graphite lattice reverts back to its original configuration once the 
aryl groups are detached. This aspect will be addressed in the next section.  
 
Figure 3-10. (a, b) Sequential high-resolution STM images of 4-NBD clusters grafted on HOPG 
showing a distortion of the graphite lattice.  The second image shows that two clusters have 
been removed (A and B remain) (Iset = 0.2 nA, Vbias = –0.1 V); (c, d) Sequential high-resolution 
STM images of 3,5-TBD grafted on HOPG. In the second image, scanning has removed the 
cluster and pristine HOPG is recovered (Iset = 0.1 nA, Vbias = –0.01 V). Fourier transforms are 
shown as inset. 
Figure 3-10c shows a cluster imaged along with the graphite lattice for 3,5-TBD (0.1 mM) modified 
HOPG. The same type of distortion at the periphery of the cluster is observed. A Fourier transform 
image of the distorted graphite lattice region, marked by the white dashed square, is shown in 
the inset. Additional spots are observed along with the hexagonal pattern of the graphite lattice, 
indicating a Moiré pattern distortion to the lattice. This is likely caused by a dislocation of the top 
layer after sp3 rehybridization of a number of sites at the cluster. The distortion to the carbon 
lattice caused by grafting is consistent with the observed red shift of the G- and 2D-bands in the 
Raman spectra of graphene due to the elongation of the carbon–carbon bonds. The next STM 
image taken of the same area, Figure 3-10d, reveals that the cluster is already removed. The 
Fourier transform image of the graphite lattice, shown in the inset, shows a hexagonal pattern, 
as expected for a pristine hexagonal carbon lattice. This is further evidence that, upon removal 
of the covalently attached aryl clusters by the STM tip, the carbon lattice reverts back from sp3 
to sp2.  
5 nm 5 nm
5 nm 5 nm
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3.3.9. Surface recovery via nanoshaving by STM tip 
The removal of the spots by STM scanning, and therefore of the grafted species, opens the way 
for controlled nanomanipulation using STM. As described previously, the grafted species we 
observe are not stable to scanning, and are gradually removed at a current value of 0.08 nA or 
higher. The STM image in Figure 3-11a shows the 4-NBD modified HOPG surface immediately 
after the central area (200 x 200 nm) was scanned at 0.5 nA consecutively several times. The 
grafted species were also removed from graphene on Cu after sequential scanning, as shown in 
Figure 3-11b. Instantaneous removal of the clusters could be achieved by scanning at high current 
and low bias (1 mV, 0.3 nA).  High current and low bias scanning also immediately removes the 
3,5-TBD clusters. Due to the high density of grafted species in this case, complex shapes and 
patterns can be created by nanoshaving of clusters in designated areas. An example is shown in 
Figure 3-11c, where ‘Nano-man’ was drawn by scanning of the designated areas using the stated 
tunneling parameters. Figure 3-11d finally shows that it is also possible to selectively remove the 
3,5-TBD clusters from graphene. 
      
Figure 3-11. (a) STM image immediately after nanoshaving of grafted 4-NBD clusters from the 
central 200 x 200 nm2 area on HOPG; (b) STM image of 4-NBD grafted on CVD graphene on Cu 
after nanoshaving; (c) Nanoshaving of 3,5-TBD grafted on HOPG, creating ‘Nano-man’ (d) 
Nanoshaving of 3,5-TBD grafted on CVD graphene on Cu. Tunneling parameters (a) Iset = 0.08 
nA, Vbias = –0.4 V; (b, c, d) Iset = 0.1 nA, Vbias = –0.4 V. 
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In order to prove conclusively that STM nanoshaving of grafted aryl groups restores the pristine 
sp2 carbon lattice, we combined nanoshaving with confocal Raman spectroscopy to detect the 
nanopatterns spectroscopically. Due to the relatively larger D-band intensity compared to 4-NBD, 
we limit ourselves to 3,5-TBD on HOPG in this section. 3,5-TBD was grafted electrochemically 
onto HOPG. The following experiments involved positioning the STM tip, in this case made of 
tungsten, over a designated scanning area. The area was marked by a laser spot, approximately 
1 µm in diameter. Laser light illumination did not have any effect on the D-band intensity decay. 
Raman spectra were measured continuously for 1.5 hours, but the D-band intensity did not show 
any significant change. The focused laser spot at the HOPG surface was set at 1 µm distance from 
the W-tip apex, as is illustrated by the confocal Raman mapping image of the STM tip above the 
scanning area, Figure 3-12a. 
 
Figure 3-12. (a) Confocal Raman map of the STM tip above the scanning area; (b) Scheme 
showing STM scanned (7 times at each position) and Raman mapped areas; (c) confocal Raman 
D-band map of STM scanned areas, (d) Raman spectra before (red) and after (blue) STM 
nanoshaving. 
Upon approach to the surface, the STM tip scanned three sets of areas, 1 x 20 µm, for 7 times at 
each position, as illustrated in Figure 3-12b (1 nA, 0.1 V).  The sample was subsequently scanned 
by confocal Raman D-band mapping. Figure 3-12c shows the confocal Raman map plotted by 
D/G-band intensity ratio. The integration time of each pixel was 1.5 s. The image clearly shows a 
D/G-band intensity ratio decrease at the three corresponding channels in the areas where the 
STM tip had repeatedly scanned. In addition, Figure 3-12d shows two sets of Raman spectra 
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superimposed onto one another, taken along one of the designated scanning areas before and 
after STM scanning. Before STM scanning, there is a relatively large D-band observed at 1330 cm-
1, as well as the G-band at 1576 cm-1. After repeated STM scanning, the D-band is no longer 
observed, analogous to the confocal Raman mapping results shown in Figure 3-12c. In addition, 
G-band intensity was slightly higher than D-band, clearly indicating that sp3 rehybridizes to sp2 
by scanning. A stronger G-band should be observed in a G-band confocal mapping image, but a 
clear dependence could not be observed due to too limited a change.  These results agree with 
the conclusion that the aryl radical species from 3,5-TBD are covalently grafted to the HOPG basal 
plane. The confocal Raman image provides spectroscopic evidence, in addition to the STM 
topographic evidence, of patterned removal of grafted species. 
We also attempted the same procedure on 3,5-TBD (1 mM) functionalized graphene. However, 
the experiments have been so far unsuccessful, resulting in a large D-band at the scratched areas 
as a result of tip damage to the graphene layer. Due to the polycrystalline nature of the Cu 
substrate, the surface is quite rough (see Figure 3-8c, for a large scale STM image of bare 
graphene). Consequently, nanoshaving by scanning at high current and low bias over the 
micrometer scale required for confocal Raman mapping is not trivial. This should be possible on 
graphene on a more planar substrate, such as SiC or h-BN. 
 
3.3.10. Electrochemical study of the grafted film 
We have employed the charge transfer properties of a suitable redox probe, K3Fe(CN)6, to analyze 
the quality of the grafted film on HOPG. 
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Figure 3-13. CV of bare HOPG (red dotted curve), modified HOPG after 4-NBD grafting (1mM) 
(black curve), and 3,5-TBD grafting (1mM) (green curve), in 1 mM K3Fe(CN)6 + 0.2 M Na2SO4 
electrolyte.  
Figure 3-13 shows the CVs of bare HOPG, and of HOPG after grafting of 4-NBD and of 3,5-TBD in 
1 mM K3Fe(CN)6. For bare HOPG, quasi-reversible redox behavior is observed (red dotted curve), 
with peaks centering around Ef = + 0.2 V vs Ag/AgCl and a peak separation of 80 mV. After grafting 
of 4-NBD, the redox current is almost completely blocked (black curve), in accordance with 
surface coverage by a non-conducting polyaryl layer.4,46 For 3,5-TBD-grafted HOPG (green curve), 
an intermediate degree of blocking is observed, characterized by strongly suppressed redox 
peaks with large separation. This behavior points at a blocking layer with point defects, in 
accordance with the structure observed in STM.  
 
Figure 3-14. CV (first two cycles) of 4-NBD (1mM) grafted on HOPG in 0.1 mM HClO4. Scan rate 
50 mV s–1. 
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Electrochemical characterization of the modified surface has been often used to estimate the 
number of adsorbed molecules, in cases where a redox label is present.  In the case of 4-NBD, 
the electroactivity of the nitrophenyl group allows such estimation.  To this end, after grafting, 
4-NBD modified HOPG was washed with Milli-Q water to remove physisorbed material and then 
transferred to 0.1 M HClO4.  The two first CV cycles in perchloric acid are shown in Figure 3-14.  
During the first cycle, an irreversible reduction peak is observed at E = –0.78 V vs Ag/AgCl. 
Following this reduction, a quasi-reversible pair of redox peaks appears, centered around +0.22 
V. In accordance with previous studies,18,47-49 the irreversible reduction peak originates from the 
reduction of the grafted nitrophenyl groups to the corresponding aminophenyl and/or 
hydroxylaminophenyl groups. The quasi-reversible pair of redox peaks is attributed to the 
hydroxylaminophenyl/nitrosophenyl redox couple. Based on the charges involved, a surface 
coverage of 11 x 10–10 mol cm–2 can be estimated, which implies that a multilayer is formed. 
 
3.3.11. Self-assembly within the confined area 
A final application has been discovered for the nanopatterned structures formed in the 3,5-TBD 
grafted film. When n-pentacontane (nPC) is deposited in phenyloctane solution on the grafted 
HOPG sample, in situ nanoshaving at the liquid-solid interface results in the exposed surface 
becoming host to nPC self-assembly. Self-assembly selectively occurs in the exposed regions and 
not on top of, or in between, the grafted aryl species.  
Figure 3-15a shows an STM image of a series of nanotrenches within the grafted film, created by 
the STM tip. nPC is seen to form multiple domains of parallel lamellae in the exposed area. Figure 
3-15b shows a close-up view of a high-resolution image of a series of nPC rows. The image for a 
single nPC domain was taken from a separate location to that shown in Figure 3-15a. The nPC 
molecules self-assemble as they do on bare HOPG,50 indicating there is no damage to the surface 
carbon lattice upon removal of the grafted molecules. An illustration of STM tip nanoshaving and 
molecular self-assembly within the exposed area is presented in Figure 3-15c. 
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Figure 3-15. (a) STM image of nPC self-assembly within nanotrenches of bare HOPG produced 
by nanoshaving of grafted 3,5-TBD, forming lamellar structures; (b) High-resolution STM image 
of nPC; (c) Scheme of STM nanoshaving, followed by nPC self-assembly within the exposed area. 
Tunneling parameters (a) Iset = 0.165 nA, Vbias = +0.6 V; (b) Iset = 0.18 nA, Vbias = +0.45 V. 
Despite the fact that the grafted clusters can be removed by the STM tip during scanning they do 
not degrade over time. Modified HOPG samples as much as a month old were scanned with STM 
and showed no alteration with respect to newer samples. In addition, the robustness of modified 
samples to solvent is self-evident in the STM images of nPC in phenyloctane, showing no 
disruption to the grafted clusters in areas without tip manipulation. 1,2,4-Trichlorobenzene (TCB) 
was also used on the grafted samples, again showing no degradation. Therefore, since modified 
samples are stable over time and can withstand further processing involving solvents, we 
envisage covalent modification to hold great potential for applications. 
 
3.4. Conclusions 
We have presented conclusive evidence that on electrochemical grafting of diazonium 
compounds to graphene and HOPG, covalent attachment with sp3 rehybridization of the surface 
site takes place.  By selecting sterically hindered reagents, grafting can be limited to a monolayer, 
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achieving a high density. Raman spectroscopy also indicates tunable band-gap opening of 
graphene following grafting of 3,5-TBD by varying the diazonium reagent concentration. 
We have used high resolution STM measurements to directly observe graphite lattice buckling at 
the site of covalent attachment to a previously defect-free HOPG surface for the first time, 
demonstrating the value of STM for characterizing similar systems. 
Using suitable tunneling parameters, we have demonstrated STM nanoshaving of grafted 
molecules for the first time under ambient conditions, which allows complex topographic 
patterns to be created in high density grafted layers.  Importantly, using Raman spectroscopy and 
STM, we have proven that the pristine sp2 carbon lattice is restored on removal of grafted species. 
After nanoshaving, molecular self-assembly of n-pentacontane takes place in the same manner 
as on HOPG that was never modified, further testifying pristine graphite recovery. 
Our results settle several long-standing controversies regarding the details of diazonium 
modification of carbon surfaces, while high density monolayer grafting opens the way for 
efficient graphene-based devices. The nanomanipulation protocol will be very useful for 
nanostructuring surfaces to study, for instance, self-assembly under nanoconfinement conditions.  
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Chapter 4 
Area-Selective Passivation of sp2 Carbon Surfaces by 
Supramolecular Self-Assembly 
 
 
Altering the chemical reactivity of graphene can offer new opportunities for various 
applications. In this chapter, it is reported that monolayers of densely packed n-pentacontane 
(nPC) significantly reduce the covalent grafting of aryl radicals to graphitic surfaces. The effect 
is highly local in nature and on fully covered substrates grafting can occur only at monolayer 
imperfections such as inter-domain borders and vacancy defects. Grafting partially covered 
substrates primarily results in the covalent modification of uncoated areas. The blocking effect 
of physisorbed monolayer may open a window for using an ordered monolayer (with different 
geometries and sizes) as a mask to direct the grafting process in order to achieve covalent 
modification in spatial control. 
I performed all the STM, electrochemical, EC-STM experiments and part of the AFM 
experiments. I didn’t perform the DFT calculations. I was involved in the analysis of the results 
and writing of the manuscript. 
Reproduced from Nanoscale 9, 2017: 5188-5193. with permission from the Royal Society of 
Chemistry. 
 
These results are published as:  
Zhi Li, Hans Van Gorp, Peter Walke, Thanh Hai Phan, Yasuhiko Fujita, John Greenwood, 
Oleksandr Ivasenko, Kazukuni Tahara, Yoshito Tobe, Hiroshi Uji-i, Stijn F. L. Mertens 
and Steven De Feyter. Nanoscale 9, 2017: 5188-5193, DOI: 10.1039/c7nr00022g. 
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4.1. Introduction 
Research into graphene and 2D materials is a highly active field due to the many 
extraordinary properties that they possess. In the case of graphene, these include high 
mechanical strength,1 excellent thermal2 and electrical3 conductivity, as well as being 
optically transparent and flexible. Such characteristics are valuable for a wide variety of 
potential applications,4,5 especially since further customization of graphene-based 
materials is possible through covalent or noncovalent functionalization. Graphene is 
chemically inert to many reagents, and covalent functionalization typically requires highly 
reactive species.6  
By contrast, noncovalent functionalization is quite straightforward since it involves 
adsorption, usually followed by on-surface self-assembly. The latter allows for controlling 
the spatial order of functional groups via suitable design of supramolecular building 
blocks.7 As such, supramolecular assemblies on graphene have been used as seeding 
layers for atomic layer deposition of inorganic films.8,9 The adsorbed molecules can also 
be used to alter the properties of graphene itself. For instance, physisorbed organic 
molecules can act as very mild n- and p-dopants.7,10 Very recently, on-surface self-
assembly of a suitably functionalized diazonium precursor has been shown to open up 
possibilities for nanostructured covalent functionalization of graphene via subsequent 
electrochemical activation.11  
Here, we report the influence of molecular adsorbates on the chemical reactivity of sp2 
carbon surfaces. Specifically, ultrathin films of nPC are demonstrated to diminish the 
covalent grafting of graphene and HOPG, as verified by SPM and Raman spectroscopy. 
 
4.2. Experimental section 
All the STM, AFM, electrochemical and Raman experiments were performed in the same 
way as discussed in chapter 3. EC-STM measurement were conducted with the same STM 
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setup while doing ambient STM but with switching on the bipotentiostat unit. Tungsten 
EC-STM tips were etched electrochemically in 2M NaOH and coated with polymer to 
minimize faradaic current.  
Ultrapure water (Milli-Q, Millipore, 18.2 MΩ cm, total organic carbon <3 ppb) was used 
throughout. Reagent grade hydrochloric and perchloric acid was purchased from Sigma-
Aldrich and Merck, and used without further puriﬁcation. Solid n-pentacontane (97%, 
Sigma-Aldrich) was dissolved in tetradecane (99%, Acros organics) or toluene (99.9%, 
Sigma-Aldrich). Potassium hexacyanoferrate (III) (99%, Sigma-Aldrich) was dissolved in 
0.2M sodium sulfate (99%, Sigma-Aldrich) and ferrocene (98% Sigma-Aldrich) was 
dissolved in 1:1 (v/v) ethanol (99.9%, Merck): 0.5M sulfuric acid (96%, Merck).  
To investigate the self-assembly of nPC at the liquid–solid interface, 10 µl of 2×10-4M nPC 
in tetradecane was placed on HOPG or graphene substrates. Dry full-coverage films of nPC 
on HOPG were prepared by quick evaporation through heating of 10 µl 2×10-4M nPC in 
tetradecane, or by slow evaporation of 10 µl 1×10-5M nPC in toluene overnight in a sealed 
petri dish. This slow evaporation was also used to prepare dry films of submonolayer nPC 
coverage (10 µl 1×10-6M nPC in toluene), and to prepare second-layer coverage samples 
(20 µl 1×10-5M nPC in toluene). HOPG samples with partial coverage by an nPC dry film 
were prepared by suspending the lower half of the sample in 20 ml 4×10-7M nPC in toluene 
for 30 min, followed by slow emersion with a motor and drying in Ar atmosphere for 30 
min. Electrolyte solutions were deoxygenated with argon (grade 5.0, Praxair) for several 
hours before use. Removal of nPC was done by rinsing nPC-coated samples with 20 mL of 
hot (~80°C) toluene. 
Molecular modelling: All density functional theory calculations at B97D/6-31G(d) level were done 
using Gaussian G09 software.12 B97D functional (Grimme’s functional including dispersion)- one 
of the most accurate general purpose generalized gradient approximations (GGAs).13 To cut down 
calculation expenses the estimation was performed using n-pentane, 3-pentyl radical and 
ovalene (C32H14) as small models of nPC, secondary C50H101 radicals and graphene sheet, 
respectively. Ovalene is sufficiently large to accommodate fully extended C5 alkyl chain. Reaction 
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enthalpies were estimated as the difference of calculated heats of formation of starting materials 
and products, e.g. hydrogen abstraction from physisorbed n-pentane on ovalene by TBP radicals: 
C5H12/C32H14 + TBP· = ·C5H11/C32H14 + TBP-H      ΔHreaction 
ΔHreaction = ΔH·C5H11/C32H14 + ΔHTBP-H - ΔHC5H12/C32H14 - ΔHTBP· = (-1424.0329429) + (-546.3611831) – 
(-1424.6998372) – (-545.6765516) = -0.0177372 hartrees (~11.1 kcal/mol) 
Physisorbed and chemisorbed 3-pentyl radicals on ovalene are isomers and their stability (heat 
of formation) can be compared directly: -1424.0329429 hartrees vs. -1424.0168702 hartrees (-
0.016 hartrees (-10.0 kcal/mol)), corroborating that physisorbed secondary alkyl radicals are 
more stable than covalently grafted. 
 
4.3. Results and discussion 
nPC, a linear alkane (C50H102), was chosen for its low chemical reactivity (typical for normal 
alkanes14,15) and stable self-assembly consisting of close-packed lamellae of alkyl chains 
(Figure 4-1a).  
 
Figure 4-1. nPC self-assembly: (a) monolayer formation at n-tetradecane/HOPG interface (STM 
image) with an overlaid molecular model. Green lines denote the main symmetry directions of 
HOPG. (b-d) submono-, few- and monolayer nPC depositions (AFM height images) prepared via 
drop-casting (b, c) and dip-coating (d). Imaging parameters: (a) Iset=0.08 nA, Vbias=-0.9 V.  
10 nm
200 nm 200 nm 200 nm
a)
b) c) d)
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For self-assembly at the liquid–solid interface we used 10-4 M solutions in tetradecane 
(Figure 4-1a). Dry films, on the other hand, were prepared via dropcasting of appropriate 
amounts of dilute nPC solutions in toluene onto clean graphene or HOPG substrates and 
subsequent solvent evaporation. Easy to prepare, the surface coverage in such samples 
was varied yielding submonolayer (Figure 4-1b) and few-layer depositions (Figure 4-1c). 
Much more uniform nPC deposition can be achieved using dip-coating (Figure 4-1d). We 
used this method to prepare control samples in which half of the sample is coated with 
nPC whilst the other remains bare (see below in Figure 4-6). 
 
Figure 4-2. AFM topography images of a self-assembled monolayer of nPC on HOPG. a): before 
washing, the inset image clearly shows bare HOPG (the darker contrast) and the nPC lamellar 
layer (the brighter contrast); b): after washing with 10 mL hot toluene (80 oC), the AFM image 
shows a bare HOPG surface.  
Since self-assembly is a reversible process, nPC adsorbates can be completely removed 
when washed with hot (~80°C) toluene, making accessible the graphene surface 
previously covered by the passivation layer. Figure 4-2a shows an AFM topography image 
of HOPG partially covered by a nPC layer. The inset image clearly shows the difference 
between the bare HOPG (the darker contrast) and the nPC layer (the brighter contrast). 
After washing with hot toluene, the nPC layer is completely removed from the HOPG 
surface, Figure 4-2b. This proves that the protection of the HOPG surface by alkane 
adsorption is tunable. 
200 nm 60 nm 200 nm
Bare 
HOPG nPC layer
a) b)
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Figure 4-3. Electrochemical stability of nPC self-assembly: CVs of bare HOPG (black) and nPC 
modified HOPG (green) in (a) 1 mM K3Fe(CN)6 + 0.2 M Na2SO4 and (b) 1 mM ferrocene in 1:1 
v/v EtOH:0.5M H2SO4, (c) AFM height image of nPC modified surface after performing CV in 2 
mM NaNO2 + 50 mM HCl, (d) CV of nPC modified HOPG in 2 mM NaNO2 + 50 mM HCl. Scan rate 
of CVs 100 mV/s. nPC self-assembly was initiated via drop-casting. 
Besides optimizing conditions for the deposition and removal of ultrathin nPC films, we 
also investigated their electrochemical behavior. CVs (Figure 4-3a and b) of reversible 
redox systems (K3Fe(CN)6 and ferrocene) on the nPC-coated HOPG electrode exhibit 
smaller currents and larger separation between the oxidation and reduction peaks. This 
indicates a partial suppression of electron transfer, as nPC adlayers are thin enough not 
to block it completely;16 electron transfer at the unblocked seams between the nPC 
lamellae, each of which acts as an ultramicroelectrode, can lead to the same behavior.17 
EC-STM allows in situ real space imaging of the substrate–electrolyte interface surface 
with sub-molecular resolution under electrochemical potential control, providing support 
for the good electrochemical stability of nPC coatings, revealing complete surface 
coverage with little to no adlayer reconstruction under different substrate potentials. As 
shown in Figure 4-4, imaging of the partially nPC-covered HOPG in 0.1M HClO4 started at 
the open circuit potential (–0.1 V vs. Pt quasi-reference). The lamellar structure of the nPC 
adlayer can be clearly recognized. A stepwise change of the substrate potential down to 
–0.5 V (Figure 4-4b–e) reveals no dynamics (including adsorption, desorption, or phase 
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rearrangement) of the nPC adlayer, although some image drift is apparent. The same 
stable behavior is observed for stepwise substrate potential changes up to 0.4V above the 
open circuit potential. This proves that the physisorbed nPC layer on HOPG surface is 
stable in an electrochemical environment over a wide potential range, which is an 
important requirement for a passivating layer. This property stands in marked contrast 
with the behavior of n-alkanes on gold, where extensive restructuring is observed under 
electrochemical conditions.18 Indeed, the AFM of the sample after CV (2Vs range) shows 
nPC films without any sign of dewetting (Figure 4-3c, small bright dots are drying residues 
on nPC adlayers). The current (CV, Figure 4-3d) is in the μA range without any specific 
electrochemical signature that suggests nPC reconstruction or desorption. The nPC 
adlayer leads to a lower interfacial capacitance and a proportionally smaller capacitive 
current.  
 
Figure 4-4. In-situ EC-STM images of nPC on HOPG in 0.1M HClO4. Reference electrode: Pt wire; 
counter electrode: Pt wire. Open circuit potential = -0.1V vs Pt wire. Tunneling parameters: Etip 
= 0.91 V (a-d), 0.87 V (e), It = 0.36 nA (a-e); Etip = 0.80 V (f-h, j), 0.66 V (i), It = 0.15 nA (f-j).  
As model reactive species for this study we chose 3,5-di(tert-butyl)phenyl radicals (TBP). 
Previously, we have shown that these species easily attack graphitic surfaces forming well-
defined sub-nm thick covalently grafted adlayers.19 The TBP radicals are produced by 
electrochemical reduction of its in situ generated TBD precursor (Figure 4-5a).  
d)c)b)a) e)
i)h)g)f) j)
40 nm 40 nm 40 nm 40 nm 40 nm
40 nm 40 nm 40 nm 40 nm 40 nm
Substrate potentials negative from open circuit potential (=-0.1V)
Substrate potentials positive from open circuit potential (=-0.1V)
-0.5 V -0.4 V -0.3 V -0.2 V -0.1 V
-0.1 V 0.0 V +0.1 V +0.2 V +0.3 V
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Figure 4-5. a) Scheme of TBP generation and grafting. b) CVs of TBD reduction on bare (blue) 
and nPC coated (green) HOPG. Grafting solutions were prepared by mixing 4.9 ml of 1 mM TBA 
in 50 mM HCl and 0.1 mL of 100 mM NaNO2 in water. CV scan rate: 100mV/s. c), d) STM images 
of TBP-grafts on bare and nPC-coated HOPG substrates, respectively. Imaging parameters: 
Iset=0.12 nA, Vbias=-0.9 V. e) Representative Raman spectra of pristine (black) and TBP-grafted 
HOPG (green and blue curves correspond to the substrates with and without nPC protective 
layers, respectively). nPC self-assembly was initiated via drop-casting. 
The CV in Figure 4-5b shows the associated irreversible reduction peak at –0.14 V, using 
HOPG as an electrode. The number of generated radicals is estimated as 1.25×1015 but 
only a fraction (<3%) of them attach covalently to the surface: STM images (Figure 4-5c), 
in which covalent grafts appear as bright protrusions, indicate grafting densities of ~0.9 
grafts/nm2. This high degree of functionalization is also confirmed by Raman 
spectroscopy. The main peaks in the Raman spectra (Figure 4-5e) are found at around 
1334 cm-1, 1580 cm-1 and 2670 cm-1, and are assigned to the D-, G-, and 2D-bands, 
respectively. The D-peak in the Raman spectra of HOPG is activated by lattice defects, 
including the formation of sp3 hybridization by covalent chemistry. The integrated 
intensity ratio of the D- and G-peaks (ID/IG) is a measure of the concentration of covalent 
defect sites, and is a standard method to characterize the degree of covalent 
functionalization.20,21 The Raman spectrum for bare HOPG did not contain any D-band, 
a) b)
c) d) e)
20 nm 20 nm
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indicating that the HOPG sample used did not contain a significant number of defects 
before functionalization. Consequently, a strong D-band (ID/IG = 0.11±0.02) after grafting 
from a 1mM TBD solution, corroborates a high surface density of covalent grafts.  
The same grafting protocol applied to nPC-coated samples yields a similar CV (Figure 4-
5b), except that the reduction peak related to TBD reduction was negatively shifted to -
0.26 V (this shift is analogous to the increase in the separation of reduction and oxidation 
peaks in Figure 4-3b) and the corresponding peak current was partially suppressed. Raman 
spectroscopy (green curve in Figure 4-5e) showed a negligible D-band (ID/IG = 0.01±0.01), 
indicating very few HOPG lattice defects are formed. STM measurements (Figure 4-5d) 
support this conclusion, estimating the grafting density at ~0.008 grafts/nm2. Therefore, 
even though electrochemical reduction of the diazonium precursor still occurs, nPC 
effectively prevents grafting of the generated radicals. 
Dip-coating of nPC enables selective area deposition, providing the opportunity to 
compare grafting of bare and protected surfaces under identical experimental conditions. 
Figure 4-6a shows a schematic of the dip-coating of nPC from toluene solution.  
 
Fig 4-6. Grafting of half-coated HOPG substrate: a) schematic view of sample preparation; b) 
representative Raman spectra of nPC-coated (green) and uncoated (blue) halves after grafting; 
STM images of TBP grafts on nPC-coated (d) and uncoated (c) halves. Imaging parameters: 
Iset=0.1 nA, Vbias=-0.9 V. 
a) b)
c)
d)
20 nm
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The HOPG sample was dipped into nPC/toluene for 30 min followed by slow emersion of 
the sample with a motor. In this case, only half of the HOPG surface was covered with 
nPC. Thanks to the greater control afforded by this dip-coating procedure, the molecular 
layer was uniform and highly ordered on a large scale (thousands of square nanometers, 
Figure 4-1d). Electrochemical grafting from a 1mM TBD solution was performed 
simultaneously on both the nPC-covered and bare areas of the sample (Figure 4-6a). As 
with the drop-casting results, nPC-covered areas of HOPG show a greatly reduced grafting 
density (Figure 4-6d) than when compared to the uncoated area (Figure 4-6c). Raman 
measurements (Figure 4-6b) confirm this observation, with a very small D band in the nPC-
coated area (ID/IG = 0.015±0.001) compared to the grafted bare HOPG area (ID/IG = 
0.062±0.003). The reduced spread of ID/IG found using the dip-coating protocol relative to 
drop-casting is expected given the higher degree of uniformity of the passivation layer 
prepared with this method. 
 
Fig 4-7. a) an STM image of nPC monolayer self-assembly at n-tetradecane/graphene interface. 
STM images of TBP grafts on nPC-coated (b) and uncoated (c) graphene substrates. Examples 
of grafts in (b) are marked with green arrows. Imaging parameters: a) Iset=0.06 nA, Vbias=-0.7 V; 
b), c) Iset=0.05 nA, Vbias=-0.9 V. d) representative Raman spectra of pristine (black) and TBP-
grafted graphene substrates with (green) and without (blue) nPC protective layers, 
respectively). nPC self-assembly in b) and d) was initiated via drop-casting. 
a) b)
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To demonstrate that the passivation of chemical reactivity by supramolecular assembly is 
also valid for graphene, we studied self-assembly and TBP grafting of nPC coated graphene 
on copper. Despite large substrate corrugations, nPC molecules maintain extended and 
highly ordered domains throughout the surface (Figure 4-7a). Self-assembly of nPC has 
the same close-packed lamellar packing as on HOPG. When electrochemically grafted, 
nPC-coated samples show significantly lower grafting (Figure 4-7b) than the uncoated 
samples (Figure 4-7c). Raman spectra taken on the nPC-free areas of graphene after 
arylation (blue curve in Figure 4-7d) have a large D-band (1335 cm-1, ID/IG= 3.1±0.5) 
confirming successful graphene grafting. By contrast, the intensity ratio is only ID/IG= 
0.9±0.3 in the Raman spectra of the grafted nPC-coated areas of graphene (green 
spectrum in Figure 4-7d). Thus, Raman data confirm the passivation of the chemical 
reactivity of graphene by nPC adlayers. 
 
Figure 4-8. Local nature of the blocking effect: a) STM images showing grafted interdomain 
borders. In the inset nPC domains and TBP-grafts are clearly visible. Imaging parameters: 
Iset=0.05 nA, Vbias=-0.9 V. b) an AFM topography image of isolated nPC domains (nanocorrals) 
prepared by grafting samples with sub-monolayer nPC coverage. AFM topography images 
showing the results of grafting (c), nPC removal (d) and follow-up re-grafting (e) of samples 
with incomplete nPC monolayer. f) Raman spectra showing the results of grafting (green), nPC 
removal and follow-up re-grafting (blue) of samples with incomplete nPC monolayer. nPC self-
assembly was initiated via drop-casting. 
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Very high quality HOPG substrates are invaluable for high-resolution STM. Simultaneous 
imaging of covalent grafts and nPC molecules revealed that grafting primarily occurs at 
monolayer defects and domain borders (Figure 4-8a). This highlights the local nature of 
the blocking effect: grafting is possible where reactive species have direct access to the 
graphite surface. The grafting efficiency at interdomain borders varies from sample to 
sample, as well as within different areas of the same sample (e.g. Figure 4-8c). A possible 
reason for this is the non-uniform separation and mobility of nPC molecules at the 
periphery of neighboring domains. When washed away with hot toluene, nPC adlayers 
leave behind the grafted species (Figure 4-8d). The completeness of nPC removal was 
verified by follow-up TBP grafting. Aryl radicals attacked all available graphite lattice, 
yielding a uniform fully grafted surface as verified by AFM (Figure 4-8e) and Raman 
measurements (Figure 4-8f). In this example self-assembly of nPC acted as a mask for 
patterned grafting. The local nature of grafting and ability to remove self-assembled 
templates by rinsing can be used to demonstrate simple surface patterning. For this 
purpose, nPC was dropcast from a 10-6 M toluene solution yielding submonolayer 
coverage of nPC domains isolated from each other by hundreds to thousands of square 
nanometers of bare HOPG (Figure 4-1b). Upon TBP grafting we obtained densely grafted 
samples containing differently shaped nanocorrals of graft-free nPC islands (Figure 4-8b). 
If needed, the quality of nPC adlayers can be improved via thermal annealing (Figure 4-9). 
The dry film of nPC prepared via dropcasting produces inhomogeneous distribution of the 
materials on HOPG surface. As shown in Figure 4-9a, when the substrate is heated to 30 
oC, the surface shows many domains with a big fraction of excessive materials on top of 
the self-assembled monolayer. When the temperature rises to 60 and 80 oC (Figure 4-9b 
and c), the fraction of excess material is less due to a slight thermal-driven redistribution. 
At 100 oC, no aggregation of materials is found on the surface, and the ripening of domains 
leads to a more homogeneous layer, because the melting point of nPC is around 90 oC and 
the high temperature renders the molecules mobile. 
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Fig 4-9. AFM topography images of nPC prepared by dropcasting from nPC/toluene solution 
recorded at the given temperatures on HOPG substrate.  
From all above experiments, it is clear that nPC layer shields the underlying substrate from 
grafting. However, since aryl radicals are potentially reactive enough to abstract hydrogen 
from alkanes,22,23 we also considered the formation and fate of radicals generated from 
the adsorbed nPC. For this, we evaluated the possibility of hydrogen abstraction from 
methylene groups of physisorbed nPC by TBP-radicals (eq. 2 in Figure 4-10a), and 
subsequent grafting of the generated secondary alkyl radicals to the underlying graphene 
surface (eq. 3 in Figure 4-10a). To cut down calculation expenses the estimation was 
performed using n-pentane, 3-pentyl radical and ovalene (C32H14) as small models of nPC, 
secondary C50H101 radicals and graphene sheet, respectively. 
Density functional theory calculations showed that the hydrogen abstraction is 
thermodynamically favorable (by ~11 kcal/mol), yet the generated secondary alkyl 
radicals should not graft graphene (see the molecular modelling above). The calculated C-
C link of the graft is very long (>1.67Å) and the grafted product is less stable than the 
physisorbed radical by >10 kcal/mol (Figure 4-10b and 4-10c). This is because of a 
significant steric bulkiness of the secondary alkyl radical and a twisted conformation of 
the graft, lacking optimal van der Waals interactions with the substrate and neighboring 
200 nm 200 nm
200 nm 200 nm
a) b)
c) d)
30 °C 60 °C
80 °C 100 °C
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nPC molecules. As for the fate of the generated secondary alkyl radicals, most likely they 
become saturated by abstracting hydrogen from molecules in solution (e.g. homolytic 
cleavage HNO2, X=NO2 in eq.4), reaction with TBP radicals (eq. 5), or oxygen (eq. 6). The 
latter two scenarios should yield substituted nPC derivatives. Unfortunately, it has not yet 
been possible to unambiguously detect such modified species. 
 
Figure 4-10. a) Some of the possible chemical reactions that can occur between TBP radicals, 
graphene surface, physisorbed alkane and molecules in solution. b) / c) shows DFT-optimized 
molecular geometries of secondary alkyl radical physisorbed on / covalently-grafted to 
graphene surface. 
A similar blocking effect can be expected for other strongly adsorbed molecular 
assemblies. An interesting modification should be the use of perfluorinated derivatives, 
since in that case fluorine abstraction (similar to H abstraction in eq.2) is impossible (C-F 
is the strongest ordinary bond). Further investigation of improved molecular designs is 
currently in progress. 
 
4.4. Conclusions 
We have demonstrated that molecular adsorbates can block the covalent attachment of aryl 
radicals to graphitic surfaces. Both STM and Raman spectroscopy show a reduction by two orders 
of magnitude in grafting density when nPC is pre-assembled prior to electrochemical grafting. 
a) b) c)
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Area selective deposition of nPC self-assembly allows targeting chemical functionalization on a 
micro- and nanoscale. The simplest demonstration was achieved through submonolayer 
depositions of nPC, in which separated domains act as local masks for grafting. DFT modelling 
provided some insights into the plausible origin of the blocking effect. 
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Chapter 5 
Nanostructured Covalent Grafting of sp2 Carbon Surfaces via 
On-surface Pre-assembly of Aryldiazonium Precursors 
 
In chapter 3, we showed that graphite and graphene surfaces can be electrochemically 
modified by the covalent grafting of aryl radicals. Using appropriately functionalized 
aryldiazonium precursors high quality sub-nm ultrathin films with controlled density of 
randomly grafted aryls can be easily prepared. In Chapter 4, we have discovered that 
monolayers of physisorbed n-pentacontane not only prevent the grafting of the carbon surface 
directly underneath the alkane molecules, but also guide spatially selective grafting of the 
carbon surface along self-assembly defects and interdomain borders. Such nanostructured 
grafting is difficult to control and predict since the outlines of domain borders of n-
pentacontane are quite irregular. A promising approach to nanostructured grafting through the 
combination of self-assembly and grafting functions within the structure of diazonium 
precursors was first attempted in the group of Prof. Samori and later in the group of Prof. 
Lacroix. Unfortunately, though in both cases STM was performed, neither of the groups 
provided direct evidence that grafted species are indeed aligned according to the anticipated 
patterns. In this chapter I present our own investigation of on-surface self-assembly + 
subsequent grafting of a suitably functionalized diazonium salt. We were able to show that 
under tested conditions grafting efficiency is very low (≤1%) and the majority of the observed 
ordered lamellar structures are formed by physisorbed side-products of the electrochemical 
reduction of aryldiazonium salts. Critical evaluation of experimental results and 
methodological recommendations for future research are also provided.  
This chapter is a manuscript in preparation. I provided major contribution to all experimental 
work except for the Raman measurements and the data analysis.  
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5.1. Introduction 
Research into graphene and 2D materials is a highly active field, on account of the 
remarkable properties this class of materials displays.1 Graphene itself has been found to 
have an extremely high electron mobility, approaching ballistic transport for free-standing 
graphene.2 In addition, graphene is flexible, transparent, and has good thermal 
conductivity,3 unique spin carrier characteristics,4 and useful optoelectronic properties.5 
Consequently, there is enormous potential for a range of graphene-based technological 
applications.3-5 
Electrochemical reduction of aryldiazonium salts is one of the most important methods 
for the chemical modification of carbon-rich materials (graphene, glassy carbon, carbon 
nanotubes, etc.).6 The mechanism involves the transfer of a delocalized electron from the 
carbon surface to the diazonium cation, and results in the release of a N2 molecule and 
the formation of a radical species. Subsequently, the radical species attack (graft) sp2 
hybridized carbon lattice atoms on the surface forming covalent bonds and converting 
them into sp3. The formation of sp3 defects in the surface lattice at the points of covalent 
attachment represents a possible way to graphene band gap opening, one of the 
motivations to modify graphene substrates.7-9  
Direct electrochemical grafting carbon surfaces from solution appears to be random10,11  
and can be varied only in terms of surface density of defects. While of interest for a variety 
of applications, such randomness could result in significant heterogeneity when dealing 
with charge carrier mobility, leading to low quality electronic materials.12 Accurate 
periodic patterning on the other hand is expected to largely maintain the ultrahigh 
electron mobility of graphene,12 while introducing spatially controlled tunable chemical 
functionality and inducing band gap opening. This will help offset the mobility losses due 
to incorporating defects periodically within the graphene lattice. A strategy towards well-
ordered chemical modification is therefore necessary.  
Among different strategies for spatially controlled grafting (some most typical examples 
were highlighted in Section 1.3.1.2, Chapter 1) extended sub-10 nm pattern periodicity is 
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currently claimed only for pre-assembly + grafting of suitably functionalized diazonium 
precursors (Figure 1-13).13 The concept is simple: the on-surface self-assembly of 
diazonium precursor locks aryl moieties above sp2 carbon lattice and upon 
electrochemical generation of reactive aryl radicals it is anticipated that aryls will anchor 
to the surface underneath without significant reconstruction thus repeating the 
periodicity and pattern of precursor self-assembly.  
Here we investigated the feasibility and limitations of this strategy. 
 
5.2. Experimental Section 
5.2.1 Molecular modelling 
All molecular mechanics calculations were performed with MM+ force field as implemented in 
HyperChem Prof. 7.52. Geometries were optimized to rms deviation of the energy gradient 
smaller than 0.01 kcal/(mol·Å). Two layers of graphene nanoflakes large enough to accommodate 
grafted aryls with alkyl chains extended along the main symmetry direction were used. For each 
isomer two alkyl chain orientations (with the zig-zag of the alkyl chains being parallel or 
orthogonal to the substrate) were considered. During the optimizations only the geometry of the 
bottom graphene flake was kept frozen. Among several local minima the lowest ones found for 
each case were used for comparison. For each isomer conformers with the parallel orientation 
of the alkyl chains appear to be more stable than the conformers with the alkyl chains being 
orthogonal to the substrate. The conformer of grafted 3-octadecyloxyphenyl with the alkyl chain 
being parallel to the substrate was found to be the most stable and that is why 3-OBD was chosen 
for this study.  
 
5.2.2. Apparatus and electrodes 
All electrochemical measurements were performed using an Autolab PGSTAT101 
potentiostat (Metrohm-Autolab BV, The Netherlands) in a lab-built three-electrode cell 
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with a working electrode area of 38.5 mm2, a Pt wire counter and Ag/AgCl/3 M NaCl 
reference electrode. All electrochemical potentials are reported versus this reference.  
Prior to each experiment, the HOPG electrode was freshly cleaved using scotch tape. All 
electrochemical experiments were performed at room temperature.  
 
5.2.3. Reagents and solutions 
Acetone, toluene and chloroform (all three 99.9%, Sigma–Aldrich) were distilled or passed 
through activated alumina and copper catalyst in a Glass Contour solvent purification 
system prior use. All other commercially available reagents were used as received. 
Analytical grade perchloric acid (Merck) was diluted with milli-Q water (Millipore, France, 
18.2 MΩ cm, total organic carbon < 3 ppb) to 0.1M. Tetrabutylammonium 
tetrafluoroborate (99.0%, Sigma–Aldrich) as dissolved in acetone to 0.1M. Synthesis of 3-
OBD and 3,3’-octadecyloxybiphenyl as described in the appendix A.1 was conducted by 
our Japanese collaborators. 1H (400 MHz) and 13C (100 MHz) NMR spectra were measured 
on a Bruker UltraShield Plus 400 spectrometer. For NMR measurements, acetone-d6 was 
used as solvent, and the spectra were referenced to residual solvent proton signals in the 
1H NMR spectra (2.05 ppm) and to the solvent carbons in the 13C NMR spectra (206.26 
ppm), respectively. IR spectra were recorded using a JACSCO FT/IR-410 spectrometer.  
 
5.2.4. Grafting protocols 
5.2.4.1. Direct (one-step) electrochemical grafting from solution (Protocol 1) 
3-OBD solutions were prepared by dissolving 3-OBD (1 mg) in 0.1M Bu4NBF4 acetone 
solution (5 mL). The HOPG sample was electrochemically grafted with the 3-OBD solution. 
After modification, the 3-octadecyloxy-benzene (3-OB) HOPG samples were rinsed with 
Milli-Q water and dried in a stream of argon. 
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5.2.4.2. 3-OBD on-surface self-assembly of 3-OBD and subsequent electrochemical 
reduction / grafting (Protocol 2) 
For self-assembly purposes, 3-OBD solution was prepared by dissolving 3-OBD (1 mg) in 
acetone (1 mL). A dry film of 3-OBD was prepared by drop-casting 10 µL of this solution 
on HOPG and the sample was kept in a sealed petri dish to lower the solvent evaporation 
speed. The electrochemical activation of the dry film of 3-OBD was performed in aqueous 
0.1 M HClO4. After modification, 3-OBD modified HOPG samples were rinsed with Milli-Q 
water and dried in a stream of argon prior to STM imaging. Afterwards, the sample was 
washed with 20 mL hot toluene (heated on a hot plate to 100 ℃) to remove any 
physisorbed material from the surface. 
 
5.2.5. Sample characterization 
Raman measurements were performed with an OmegaScopeTM 1000 (AIST-NT). 632.8nm 
laser light from a He-Ne laser was focused onto the sample surface using an objective 
(MITUTOYO, BD Plan Apo 100x, N.A. 0.7). The Optical density at the sample surface was 
about 500 kW/cm2. Raman scattering was collected with the same objective and directed 
to a Raman spectrograph (Horiba JY, iHR-320) equipped with a cooled-charge coupled 
device (CCD) camera operated at -100 ˚C (Andor technology, DU920P-BRDD) through a 
pinhole, a dichroic mirror (Chroma Technology Corporation, Z633RDC) and long pass filter 
(Chroma Technology Corporation, HQ645LP). All of the measurements were carried out 
under ambient conditions and at room temperature. 
STM experiments were performed using a PicoLE (Agilent) or Molecular Imaging STM 
system operating in constant-current mode under ambient conditions. STM tips were 
prepared by mechanical cutting of Pt/Ir wire (80%/20%, diameter 0.25 mm). The bias 
voltage refers to the substrate. Substrates consisted of HOPG (grade ZYB, Advanced 
Ceramics Inc., Cleveland, OH). STM data analysis was performed using WSxM 5.0.40 (add 
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reference) and scanning probe image processor (SPIP) software (Image Metrology ApS). 
Specific images were corrected for drift as mentioned in Figure captions. 
 
5.3. Results and discussion 
5.3.1. Design considerations  
In parallel and independently from the Samori group, we have investigated the use of molecular 
self-assembly to pre-organize reactive units on the graphite/graphene substrate prior to their 
activation aiming at directed and localized grafting. 
 
Figure 5-1. Chemical structure of 3-octadecyloxy-benzene-diazonium tetrafluroborate 
(3-OBD). 
Alkoxy chains are often introduced in supramolecular building blocks to stabilize self-assembled 
monolayers on graphitic substrates. Designing the aryldiazonium precursor we chose the alkoxy 
chain to be in the meta position to allow simultaneous attachment of the aryl radical while still 
preserving the alkoxy chain-surface interaction, and thus maintaining the crystalline self-
assembled structure during covalent grafting, Figure 5-1. Having the alkoxy chain in the ortho 
position was not expected to result in very stable attachment to the surface due to steric 
restrictions;14 while the alkoxy chain in the para position cannot provide efficient interdigitation 
of alkyl chains and optimal substrate-alkyl chain interactions (Figure 5-2).  
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Figure 5-2. Molecular models of isomeric grafted octadecyloxyphenyls together with relative 
stabilization energies referenced against the most stable isomer- grafted 3-octadecyloxyphenyl 
with the zig-zag of the alkyl chain oriented parallel to the substrate. Element color: carbon- 
black, hydrogen- green, oxygen- red. Green line above graphite layers denotes optimal van der 
Waals contacts between the hydrogens of the alkoxy chains and carbon atoms of the top 
graphene layer. Dotted circles around some hydrogen atoms show van der Waals dimensions 
of those hydrogens and are colored green, red or blue in the case of the atoms that have 
optimal, too short (steric hindrance) or too long (inefficient contact) van der Waals interactions 
with the top graphene layer, respectively.  
 
5.3.2 Direct grafting without pre-assembly 
Initial experiments on the electrochemical reduction of 3-OBD were performed under 
conditions where self-assembly on HOPG was not promoted (Protocol 1, Section 5.2.4.1). 
Cyclic voltammetry (CV) was used to electrochemically activate the diazonium group 
through electron transfer from the graphite surface to the molecular precursor in 
solution. Figure 5-3a shows the CVs for electrochemical reduction of 3-OBD (0.2 mg/mL in 
0.1M Bu4NBF4/acetone), with five consecutive cycles. The irreversible reduction peak is 
observed at approximately –0.5 V. The peak current gradually decreases in the 
subsequent scans, indicating surface blocking by the products formed in the previous 
scans. 
The Raman spectrum in Figure 5-3b is for 3-OBD grafted on HOPG using Protocol 1. The 
intense peaks at 1582 and 2685 cm-1 are assigned to the G-band and 2D-band, 
Steric hindrance
ortho
less favourable by: 7.61 kcal/mol Steric hindrance
ortho
less favourable by: 3.71 kcal/mol
meta
less favourable by: 4.77 kcal/mol
inefficient contact inefficient contactmeta
The most stable
para
less favourable by: 10.84 kcal/mol
inefficient contact
strain
para
less favourable by: 7.74 kcal/mol
inefficient contact
strain
With the zig-zag of alkyl chain orthogonal to the substrate With the zig-zag of alkyl chain parallel to the substrate 
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respectively. The additional band at 1327 cm-1 (ID/IG = 0.017 ± 0.010) corresponds to the 
D-band, indicating the presence of structural defects in the graphene lattice.15 Since the 
Raman spectrum for bare HOPG is flat in this region, the D-band observed in Raman 
spectroscopy on grafted samples is the result of sp2-to-sp3 rehybridization due to the aryl 
grafting to the HOPG surface.  
 
Figure 5-3. Grafting experiments without prior self-assembly of 3-OBD on HOPG (using 
Protocol 1). (a) Cyclic voltammetry: 5 cycles, 0.5 V to –0.6 V potential range, 100 mV s–1 
scan rate. (b) Raman spectra of the grafted graphite. (c) and (d) STM images of the 
grafted species on HOPG. Imaging parameters: Iset = 0.12 nA, Vbias = –0.7 V (c); Iset = 0.2 
nA, Vbias = –1 mV (d) (corrected for drift).  
Direct visualization of individual defects in the graphene lattice sites was achieved using 
STM.10 Figure 5-3c shows an STM image of the HOPG surface after electrochemical 
modification with 3-OBD:  the bright pins are the grafted aryls.10 Figure 5-3d shows a high-
resolution STM image (with the Fourier transform of the distorted region shown as inset) 
of a covalent graft along with the graphite lattice. A distortion effect is observed within 
the graphite lattice surrounding the graft. The same distortion effect has been reported 
for grafting on carbon surfaces,10 confirming that the graft is covalent in nature. Line 
profile measurements show 0.58 ± 0.12 nm apparent height and 1.15 ± 0.28 nm average 
full-width half maximum (FWHM) for the covalently grafted species obtained from 3-OBD. 
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5.3.3. Grafting of self-assembled monolayers 
Next, we looked into self-assembly of the 3-OBD species on HOPG as a way to pre-organize 
the electrochemically active species before surface grafting (Protocol 2, Section 5.2.4.2). 
A solution of 3-OBD was drop-cast onto HOPG, dried and imaged with STM. Figure 5-4a 
and 5-4b show the self-assembly of 3-OBD on HOPG. The molecules form multiple 
domains of a lamellar pattern. The alkoxy chains, visible in Figure 5-4b, are aligned along 
the graphite high symmetry directions. The bright lines correspond to the aromatic 
cores.16 The BF4- ions are not visualized. The pattern is quite wavy and hence it is difficult 
to define the exact unit cell; our rough estimate is a=0.9 ± 0.2 nm, b=2.6 ± 0.4 nm, γ=80 ± 
3°. A tentative molecular model of this self-assembly is overlaid in Figure 5-4b. 
 
Figure 5-4. STM images (a-c) and Raman spectrum (d) of 3-OBD self-assembly deposited 
on HOPG by drop-casting from 1 mg/mL acetone solution. Imaging parameters: Iset= 0.12 
nA, Vbias= –0.7 V (a); Iset= 70 pA, Vbias= –0.9 V (corrected for drift) (b); Iset= 70 pA, Vbias=    
–0.9 V (c). A tentative molecular model of 3-OBD self-assembly is overlaid in (b). 
Bright features (marked with blue circles in Figure 5-4c) often observed in the STM images 
of dry self-assembled monolayers of 3-OBD have different dimensions (1.29 ± 0.27 nm 
Raman shift/ cm-1
C D
a
b
γ
Raman shift/ cm-1
C D
a
b
γ
a) b)
20 nm
c)
20 nm
Raman shift/ cm-1
d)
2 nm
106 
 
apparent height and 1.55 ± 0.62 nm average FWHM) than the covalent grafts and most 
likely represent the excess of material immobilized on top of the 3-OBD monolayer in the 
absence of solvent. Raman spectroscopy of these samples (Figure 5-4d) does not show 
any D band, confirming that no covalent grafting of HOPG occurs under these conditions. 
Figure 5-5a shows the electrochemical activation of 3-OBD self-assembled on the HOPG 
surface. The first scan (red trace) shows a single reduction peak at -0.15 V. There is no 
peak during the second scan (blue trace), suggesting that the reduction of the self-
assembled diazonium species is complete after a single scan. For comparison, the 
featureless CV of bare graphite is also shown (black trace). Compared to Figure 5-4a, the 
reduction peak is shifted by several hundred millivolts towards positive potentials. This 
difference may originate in a lesser degree of solvation of the electroactive moiety 
(aryldiazonium) in the self-assembled monolayer, but also contains contributions from the 
solvent (acetone/ water), the supporting electrolyte (Bu4NBF4/ HClO4), the diffusion 
potential between the reference electrode and the electrolyte, as well as differences in 
uncompensated solution resistance.17 Integration of the voltammetric peak in the first 
scan, after correction for the capacitive current (using the second scan, assuming that the 
interfacial capacitance remains unchanged), yields a charge of 16.6 µC cm–2.  Considering 
that the electrochemical activation of the diazonium salt requires one electron per 
molecule, this charge corresponds to a molecular number density of 1.04 × 1014 cm–2, in 
good agreement with the value of 8.70 × 1013 cm–2 estimated from STM observation.  This 
level of agreement makes it safe to state that decomposition of the metastable diazonium 
salt prior to electrochemical activation can be neglected, i.e. that the pre-assembled 3-
OBD layer consists entirely of reducible molecules.  Importantly, the determined number 
density must be considered the upper limit for covalent grafting, as radicals, once 
generated, may also recombine or react with the solvent.   
The Raman spectrum, Figure 5-5b, shows the presence of a D band at 1326 cm-1 (ID/IG = 
0.020 ± 0.014) after the electrochemical reduction of self-assembled 3-OBD, confirming 
the covalent grafting of the graphitic surface. 
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Figure 5-5. Grafting experiments with prior self-assembly of 3-OBD on HOPG (using 
Protocol 2). (a) Cyclic voltammetry: background (black); 1st sweep (red); 2nd sweep (blue); 
0.0V to –0.4 V potential range, 100 mV s–1 scan rate. (b) Raman spectra of the grafted 
graphite. STM images of the grafted species on HOPG before (c) and after (d) washing 
with hot toluene. Imaging parameters: Iset = 0.06 nA, Vbias = –0.9 V (c); Iset = 0.05 nA, Vbias 
= –0.9 V (d); Iset = 0.2 nA, Vbias = –1 mV (d inset) (corrected for drift).  
To visualize the grafted species, we again used STM. Figure 5-5c shows the HOPG surface 
completely covered with a lamellar pattern (3.0 ± 0.1 nm periodicity). Similar to 3-OBD 
self-assembly before reduction, the pattern consists of alternating bright and dark rows 
that correspond to the aromatic and aliphatic moieties, respectively. The images also 
show bright globular features, placed irregularly along the rows of aromatic (bright) cores. 
In this case, however, the dimensions of the globular features (0.62 ± 0.15 nm apparent 
height and 1.23 ± 0.36 nm FWHM) match those of covalent grafts.  
Initial attempts to wash away physisorbed species in these samples with good organic 
solvents (acetone, chloroform) gave ambiguous results: STM showed fuzzy areas and 
patches of unchanged structures (Figure 5-6). 
-0.4 -0.3 -0.2 -0.1 0.0
-8
-6
-4
-2
0
 
 
E (V) vs Ag/AgCl
C
u
rr
e
n
t 
(
A
)
scan direction
Raman shift/ cm-1
a) b)
108 
 
 
Figure 5-6. Grafting experiments with prior self-assembly of 3-OBD on HOPG (using 
Protocol 2) after washing with 20 mL chloroform (room temperature). Imaging 
parameters: Iset= 0.05 nA, Vbias= –0.4 V  
Thus, conditions (chloroform, acetone) that were sufficient to wash away physisorbed 
diazonium precursor are insufficient to remove physisorbed side-products. To identify the 
experimental conditions necessary to completely remove physisorbed species we 
synthesized 3,3’-(octadecyloxy)biphenyl: twice the size of 3-OBD, it has similar packing 
(Figure 5-7) and is expected to be among the side-products (a possible product of radical 
recombination) with the highest adsorption energy. We found that to remove it 
completely, the sample has to be washed with 20 ml of hot toluene. 
 
Figure 5-7. STM images of 3,3’-(octadecyloxy)biphenyl self-assembly deposited on 
HOPG by drop-casting from 1 mg/mL acetone solution. (a) before washing; (b) after 
washing with hot toluene. Imaging parameters: Iset=0.08nA, Vbias=-0.9V (a); Iset= 0.08 nA, 
Vbias= –0.9 V (b).  
40 nm
a)
40 nm
b)
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With regard to the electrochemically activated 3-OBD layers on HOPG: washing the 
samples (Protocol 2) with hot toluene resulted in the complete removal of lamellar 
features with only globular features still present (Figure 5-5d). The Raman spectrum after 
washing is the same as before (D-band at 1347.0 cm-1, D/G intensity ratio 0.023 ± 0.012), 
confirming that the bright globular features in Figure 5-5c and d are covalently attached 
to the graphite. 
Considering the very small density of grafts (<0.0075 features/nm2) compared to the 
estimated density of 3-OBD in the pre-assembled monolayer (~0.8 molecules/nm2), it 
becomes clear that while the alignment of the grafting sites according to the pre-
assembled pattern of diazonium precursor is possible, the currently achieved efficiency of 
grafting is rather low (~1%). 
 
5.3.4 Critical evaluation of experimental results reported in reference 13. 
In their pioneering work, Xia et al. introduced the idea of pre-assembly templated 
nanostructured grafting. They also claimed its successful realization using 4-docosyloxy-
benzenediazonium tetrafluoroborate (DBT) as a model compound. Unfortunately, in the 
view of new findings and observations discussed in this chapter their claim appears to be 
unsupported. 
As the key supporting evidence these authors present: 
1) The presence of a D peak in Raman spectra after grafting to prove successful 
covalent grafting; 
2) Observation of lamellar features with correct periodicity (~3.8 nm) in STM (Figure 
5-8); 
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Figure 5-8. STM image taken on HOPG after spin-coating of DBT, electrochemical 
grafting and washing. The images were recorded by using the following tunnelling 
parameters: tip voltage (Vt) = -900 mV and average tunnelling current (It) = 20 pA. 
Reproduced with permission from 13. 
3) The observation of lamellar features on the surface even after washing with 
chloroform (Figure 5-9d) as confirmation that these features are covalently 
anchored, as opposed to the physisorbed diazonium precursor that is easily 
removed by washing with chloroform under similar conditions (Figure 5-9b). 
 
Figure 5-9. (a) AFM phase image of HOPG after DBT spin-coating from acetonitrile and 
electrochemical grafting in H2SO4/water solutions. (b) AFM topographic image of 
graphite substrate after DBT spin-coating from acetonitrile and direct washing with 
acetonitrile and chloroform, without electrochemical grafting. (c) Topographic and (d) 
phase AFM image after DBT spin-coating from acetonitrile, electrochemical grafting and 
washing. The insets of (a, c, d) show the respective fast Fourier transform images, 
showing the presence of periodic structures. Z-ranges: a)=10 deg, b)=2 nm, c)=2 nm, 
d)=15 deg. Reproduced with permission from 13. 
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Our interpretation is that in their STM and AFM images Xia et al. observed physisorbed 
adsorbates of side-products with very small contributions from covalently anchored 
molecules: 
1) We established that grafted phenyls have a particular appearance in STM images 
(bright globular features with 0.58 ± 0.12 nm apparent height and 1.15 ± 0.28 nm 
average full-width half maximum (FWHM)). Considering that the same dimensions 
and appearance were also found in the case of covalent grafts derived from 3,5-
di(tert-butyl)benzene diazonium (TBD) we can anticipate similar STM appearance 
for the covalent grafts derived from DBT. However, careful inspection of Figure 5-
8 suggests that in the best case scenario there are less than 10 covalent grafts in 
that STM image. There is a very close similarity between Figure 5-8 and the STM 
image in Figure 5-5c, and for the latter we have established that the majority of 
molecules within lamellae are not covalently grafted. 
2) Figures 5-9c and d cannot be used as evidence of covalent grafting since as we have 
demonstrated for even less strongly adsorbing 3-OBD washing with chloroform or 
acetone is not sufficient to remove physisorbed side-products (Figure 5-6).  
3) Finally, the accuracy of quantitative assessment of the grafting density from Raman 
spectra is not known. Furthermore, such measurements are also highly dependent 
on sample history (graphene quality, nature of the support, etc.). 
 
5.4. Conclusion 
In this work, we have assessed the efficiency of recently discovered nanopatterning approach, 
involving pre-assembly of reactive component on graphitic surface before electrochemical 
grafting. As the model system for grafting we tested 3-(n-octadecyloxy)benzene diazonium salt 
(3-OBD) self-assembled on HOPG. STM was found to provide unique information about the 
nature and composition of molecular deposits. Thus, we were able to reliably identify covalently 
grafted species and discern them from the side-products physisorbed on graphite. The grafting 
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sites are indeed localized according to the molecular arrangement within the self-assembled 
monolayer of diazonium precursor. Also, the direct visualization of the grafted surface at the 
nanoscale has shown that the currently achieved grafting density is low and further optimizations 
of molecular design and grafting procedure are needed for this nanopatterning approach to come 
into full power. 
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Chapter 6 
Nanostructured Covalent Grafting of sp2 Carbon Surfaces via 
Electrochemical Reduction of Mixtures of Aryldiazonium 
Precursors 
 
In this chapter, we demonstrate a novel protocol for nanostructured functionalization of 
graphene and graphitic surfaces. We discovered that electrochemical reduction of a mixture of 
two different diazonium salts results in densely grafted adlayers with inclusions of circular 
patches (nanocorrals) of unmodified carbon surface. The dimensions of nanocorrals can be 
conveniently tuned by varying the parameters of electrochemical reduction. Nanostructured 
grafting was monitored/characterized using cyclic voltammetry and chronoamperometry, 
ambient (STM) and electrochemical scanning tunneling microscopy (EC-STM), atomic force 
microscopy (AFM) and Raman spectroscopy. We also demonstrated that the nanocorralled 
graphitic surfaces could serve as a playground for self-assembly, dual covalent grafting, and on-
surface reactions. 
This chapter is a part of manuscript in preparation. I supervised the master student carrying 
out the sample preparation of the potential dependent corraI size control. I performed all the 
AFM experiments of these samples and did the data analysis. I also did the AFM imaging of the 
sequential grafting and polymerization inside the corrals.  
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6.1. Introduction 
This project is the result of a collaborative effort of several researchers and before 
discussing the research findings I was strongly involved in, in this section, it is necessary 
to give a succinct account of relevant preceding work performed in our group by Hans Van 
Gorp (AFM for ratio dependent experiments), Thanh Hai Phan (electrochemistry, STM and 
EC-STM) and Peter Walke (Raman). 
Interested in the simultaneous introduction of two and more different functionalities we 
explored grafting of HOPG and graphene via the electrochemical reduction of mixtures of 
diazonium salts. In several works devoted to grafting of chemically related glassy carbon 
electrodes,1-3 the preparation of grafted adlayers with homogeneous on-surface 
distribution of grafts derived from both diazonium salts was claimed (see an example in 
Figure 6-1). Here, due to the intrinsic roughness of glassy carbon, the nanoscale 
characterization of surface morphology was not possible and all claims were based on the 
global chemical composition of the grafted layers (using XPS), showing the presence of 
both grafts. 
 
Figure 6-1. Schematic illustration of functionalization of glassy carbon surface with a 
mixture of two diazonium compounds bearing different functional groups with opposite 
charges. The resulting layer claimed to contain both grafts and presumed to be ordered 
due to additional electrostatic interactions between oppositely charged functional 
groups.1 
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For our study, we choose simultaneous electrochemical reduction of 4-NBD and 3,5-TBD. 
Originally setting up these experiments, my colleagues anticipated the formation of 
grafted layers with inclusion of dendrimeric structures derived from 4-NBD in the dense 
unimolecular adlayer of covalent grafts derived from 3,5-TBD. This would have been 
totally in line with the electrochemical behavior of pure 4-NBD and 3,5-TBD reduced 
separately (as discussed in details in Chapter 3). The actual results were completely 
unexpected (Figure 6-2). Some kind of “empty” circular corrals are formed, rather 
homogeneously distributed over the surface. 
 
Figure 6-2. Bicomponent grafting: a), b) AFM topography images of HOPG surface grafted using 
1:3 4-NBD:3,5-TBD mixture (total concentration = 1 mM); c) line-profile from a).  
As discussed in previous chapters, the D-peak in the Raman spectra of graphene and HOPG is 
activated by lattice defects, including the formation of the sp3 hybridization by covalent 
chemistry.4,5 The integrated intensity ratio of the D- and G-peaks (ID /IG) is a measure of the 
concentration of covalent defect sites, and is a standard method to characterize the degree of 
covalent functionalization.6 Therefore, this technique is useful to determine the nature of the 
nanocorrals and the extent of sp3 hybridized defects formed after grafting by the diazonium 
reagents.  
Figure 6-3a shows the confocal Raman map plotted by D band intensity of such a graphite surface 
modified by the 4-NBD:3,5-TBD mixture. The image shows clearly the difference in the D band 
intensity at the position A compared to the position B, respectively (Figure 6-3b). The clearly 
visible D-band observed at 1330 cm-1 in position indicates the sp3 hybridized carbon lattice, 
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whereas this feature is completely absent in position B and indicates a pristine sp2 carbon lattice. 
As has been confirmed by complementary characterization techniques (AFM, STM, EC-STM, and 
Raman spectroscopy), simultaneous reduction of a mixture of 4-NBD and 3,5-TBD resulted in the 
formation of nanostructured grafted layer in which circular nanocorrals of unmodified graphite 
surface were homogeneously distributed in the mixed grafted layer containing both 4-NBD and 
3,5-TBD derived grafts. 
 
Figure 6-3. (a) Confocal Raman D-band map of the nanocorral functionalized HOPG; (b) Raman 
spectra recorded at two different positions A and B showing the variation of the D-band 
intensity. 
While the exact mechanism of nanocorral formation is not yet completely understood, 
Thanh Hai Phan and Hans Van Gorp were able to determine the on-surface adsorption of 
electroreduction side-products, which being hydrophobic and insoluble in water, 
agglomerate on HOPG into hemispherical (minimization of hydrophobic-hydrophilic 
interface) nanoparticles. In Chapter 4, we have shown that even a monolayer of 
physisorbed adsorbates can efficiently protect the underlying carbon surface from the 
attack of aryl radicals. Similarly, the nanoparticles act as masks preventing grafting of the 
surface underneath them. Since the footprint of hemispherical nanoparticle is a circle, 
after grafting and washing away all physisorbed species, the grafted surface with circular 
nanocorrals is formed (Figure 6-4). 
D band
G band
1 µm
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Figure 6-4. Schematic illustration of nanocorral formation on covalently modified graphene 
layers during electrochemical reduction of 4-NBD and 3,5-TBD mixtures. 
Finally, it has been shown that by changing precursors concentration and/or 4-NBD/3,5-
TBD ratio we can tune the dimensions and density of nanocorrals (e.g. Figure 6-5). This is 
because altering the concentration and ratio changes the kinetics of electrochemical 
reduction/grafting of 4-NBD and 3,5-TBD as well as the quantity of formed side-products 
(presumably, the chemical composition of side-products also varies: at the very least with 
regard to the ratio of 4-NBD and 3,5-TBD derivatives). 
 
Figure 6-5. (a-e) AFM topography images of effect of varying 4-NBD:3,5-TBD ratio while keeping 
the total concentration fixed at 1 mM. (f) Plot of corral diameter versus 4-NBD:3,5-TBD ratio. 
(g) Raman spectra of covalently modified HOPG samples. 
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Porous graphene-based surfaces have been explored for sensing,7 catalysis,8 and the 
fabrication of superconductors9 and separators.10 The simplicity and versatility of the 
nanostructured grafting approach presented here nicely complements lithographic 
methods discussed in Section 1.3.1.2 of Chapter 1.  
Below, I will discuss in more detail my contribution to the development of this new 
bottom-up nanostructuring protocol. In particular, it will be discussed how using an 
advanced protocol nanocorrals of different sizes can be formed by electrochemical 
control. Furthermore, it will be demonstrated how such nanocorrals can be used for the 
fabrication of even more complex functional surfaces, for the study of supramolecular 
self-assembly under nanoconfinement conditions and as 2D nanoreactors. 
We have developed an advanced protocol allowing electrochemically controlled 
fabrication of different size nanocorrals from the same stock solution of 4-NBD/3,5-TBD 
mixture.  
 
6.2. Experimental Section 
6.2.1. Chemicals 
For all solutions used in this work, high purity water (Milli-Q, Millipore, 18.2 MΩ cm, TOC < 3 ppb) 
was used throughout. 4-Nitrobenzenediazonium (4-NBD) tetrafluoroborate (97%), 3,4,5-
trimethoxyaniline (97%), dibenzyl viologen dichloride (DBV, 97%) 5-(octadecyloxy)- isophthalic 
acid (ISA-OC18, 98%), 10,12-pentacosadyinoic acid (PCDA, 97%), 1-octanoic acid (99%), toluene 
(spectroscopic grade) and analytical grade hydrochloric (HCl) acid and perchloric (HClO4) acid 
were purchased from Sigma-Aldrich, 3,5-di-tert-butylaniline (98%) was purchased from TCI-
Tokyo Chemical Industry Co., Ltd. All compounds were used without further purification. All 
electrolyte solutions were deoxygenated with argon gas (grade 5.0, Praxair) for several hours 
before use. 3,5-di-tert-butyl-diazonium (3,5-TBD) was generated immediately before grafting by 
adding a small excess of 0.1 M NaNO2 to the aniline precursor dissolved in 50 mM HCl, and stirring 
for 2 minutes before injection into the electrochemical cell.  
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6.2.2. Instruments 
All cyclic voltammetry measurements were performed employing the Autolab PGSTAT101 
Potentiostat (MetrohmAutolab BV, Netherlands). Prior to each experiment, the HOPG electrode 
(ZYB grade, Momentive Performance Materials) was freshly cleaved using scotch tape, whereas 
the graphene electrodes (Graphenea and IMEC) were used as received. The electrochemical 
modification of the HOPG sample was carried out in a home-built single-compartment three-
electrode cell, with a working volume of 38.5 mm2, Pt wire and Ag/AgCl (saturated KCl) serve as 
counter and reference electrodes, respectively. During the measurements, the electrolyte was 
kept under a solvent-saturated Ar (purity 5.0, Praxair) atmosphere.  
All regular STM experiments were performed using a Molecular Imaging STM system, operating 
in constant-current mode. STM tips were prepared by mechanical cutting of Pt/Ir wire (80%/20%, 
diameter 0.25 mm). STM data analysis was performed using SPIP software.  
Raman measurements were performed with an OmegaScopeTM 1000 (AIST-NT). Laser light 
(632.8 nm) from a He-Ne laser was focused onto the sample surface from the side (with an angle 
of 28˚ to sample surface) and top, for 'grating' and 'normal' measurements, respectively, through 
an objective (MITUTOYO, BD Plan Apo 100x, N.A. 0.7). Optical density at sample surface was 
about 500 kW/cm2. Raman scattering was collected with the same objective and directed to a 
Raman spectrograph (Horiba JY, iHR-320) equipped with a cooled-charge coupled device (CCD) 
camera operated at -100˚C (Andor technology, DU920P-BRDD) through a pinhole, a dichroic 
mirror (Chroma Technology Corporation, Z633RDC) and long pass filter (Chroma Technology 
Corporation, HQ645LP). Accumulation time for each point in 'grating' measurement was 1s. All 
the measurements were carried out under ambient conditions and at room temperature. 
All EC-STM experiments performed in this work were carried out using the Bonn electrochemical 
scanning tunneling microscope (Bonn EC-STM) described in detail by Wilms et al.11 The tunneling 
tips used in our experiments were electrochemically etched from a 0.25 mM tungsten wire in 2 
M KOH solution and subsequently coated by passing the tip through a hot-melt glue film. 
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6.2.3. Formation of nanocorrals 
To functionalize surfaces such graphitic substrates including graphene were exposed to 5 ml 
working electrolyte containing a mixture of 4-NBD and 3,5-TBD with total concentration of 1 mM 
(∑Cm = 1 mM). To prepare the mixtures of diazonium salts first 3,5-TBD was generated by adding 
an access (100 µl) of 0.1 M aqueous NaNO2 to the calculated volume of 1mM solution of 3,5-di-
tert-butylaniline in 50 mM aqueous HCl, after 30 seconds this solution was mixed with 1 mM 
solution of 4-NBD in 50 mM aqueous HCl so that the total volume of the mixture is 5 ml. This 
mixture was immediately transferred to the electrochemical cell to perform grafting.  
Two electrochemical grafting protocols were employed to create the nanocorrals on graphene 
and HOPG: cyclic voltammetry (CV) and chronoamperometry (CA). 
In the CV protocol, the substrate potential was swept three scans from +0.6 V to -0.4 V (vs. 
Ag/AgCl). Ratio dependent nanocorral formation was tested for 5:1, 3:1, 1:1, 1:3 and 1:5 ratios 
(∑Cm = 1 mM) of 4-NBD:3,5-TBD mixtures. 
In contrary, CA protocol was used to study potential dependent nanocorral formation, and thus, 
the 4-NBD:3,5-TBD ratio (∑Cm = 1 mM) was kept constant (1:1), while 60s grafting was tested for 
different fixed electrochemical potentials ranging from +0.3V down to -0.8V (vs. Ag/AgCl).  
To remove physisorbed residues, samples can be thoroughly washed with hot toluene (90 °C), 
rinsed with Mili-Q-water and dried with a stream of argon. 
 
6.2.4. Corral definition and statistical analysis of corral dimensions 
A corral is defined as a (circular) area, with non or few grafted molecules inside only. The 
corral size (area) was originally automatically calculated based on the flooding analysis of 
the AFM images (5 µm x 5 µm) (see Figure 6-6) that mapped the height difference inside 
and outside of the corrals. 
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Figure 6-6. Flooding analysis of AFM data of grafted surface and illustration of typical 
size distribution of nanocorrals, and selection of minimum nanocorral size to remove 
contribution of defects. For each image, the cut-off value was set upon visual inspection 
of AFM images ensuring that only empty corrals were taken into account in flooding 
analysis: (a) 0 nm2; (b) 1000 nm2; (c) 2000 nm2.  
Any areas that were equal in height as the HOPG background were taken into account in 
this approach, i.e. the corrals, but also defects such as those marked by yellow arrows in 
Figure 6-7. In order to exclude those data pioints originating from defects, further data 
processing was carried out, by setting a minimum corral area (see Figure 6-6). Typically 3 
to 5 images are obtained per experimental condition, and for each image, an average 
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corral size is determined, and used to construct the plots in figure 6-11, where the 
standard deviation reflects the image to image variation inaverage nanocorral size. 
 
Figure 6-7. AFM topography image of corral modified HOPG by grafting from a mixture 
of 4-NBD and 3,5-TBD (0.5mM each) for 60s at +0.1 V. Typical circular nanocorrals are 
shown. Yellow arrows point to much smaller graftfree areas that are excluded from 
analysis of the average corral size. Nanocorrals at the step-edges (step-edge indicated 
by blue arrow) are not considered in the evaluation of average corral size. 
 
6.2.6. Chemical manipulations inside nanocorrals 
The 2 x 10-4 M ISAOC18/1-octanoic acid solution was dropcasted onto the nanocorral-
functionalized HOPG at ambient conditions. The 1 mM DBV/ 50 mM HCl aqueous solution was 
deposited onto the nanocorral-functionalized HOPG surface at a substrate potential of -805 mV 
(vs Ag) under electrochemical conditions. The PCDA/toluene solution was dropcasted onto the 
functionalized HOPG surface, followed by UV irradiation (input power 300 W and wavelength 
<300 nm, Asahi Spectra, Japan) for 30 mins. 100 µl of 0.1 M NaNO2 was added into 5 ml 2mM 
3,4,5-trimethoxyaniline, converting the latter into diazonium salt. Subsequent electrochemical 
grafting was performed at -0.4 V (vs Ag/AgCl) for 60s. To remove physisorbed residues, samples 
were thoroughly washed with hot toluene (90 °C), rinsed with Mili-Q-water and dried with a 
stream of argon. 
200 nm
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6.3. Results and discussion 
Varying the ratio and concentration of diazonium precursors altered the kinetics of aryl grafting 
as well as side-product formation and precipitation, effectively changing the outcome of 
nanostructured grafting. Taking this into account we speculated that any other alternation of 
reduction and side-product formation process should also vary nanocorral formation. In the 
original procedure, the electroreduction of diazonium mixtures was done by a wide range 
potential scanning (from +0.6V to -0.4V vs Ag/AgCl). Figure 6-8 shows that the irreversible 
reduction peak for 4-NBD is broader and situated at less negative potentials than that of 3,5-TBD. 
Therefore, performing reduction at different fixed electrochemical potentials 
(chronoamperometric measurements) should change how much and how fast 4-NBD or 3,5-TBD 
are reduced, hopefully yielding different coverage and morphology of the grafted adlayer.  
 
Figure 6-8. CV of (a) HOPG in 1 mM 4-NBD + 0.1 M HClO4, (b) HOPG in 1 mM 3,5-TBD + 
0.05 M HCl. Scan rate 50 mV s–1. (This is a copy of Figure 3-2a,b and it is given here purely 
for the convenience of readers. Reproduced with permission from reference 6.) 
Figure 6-9 shows real-space AFM images of the HOPG surface after grafting in 1:1 4-
NBD/3,5-TBD mixture at –0.1V for 60s. Nanocorrals formed under these conditions are 
distinctly different (both in size and surface density) from those shown in Figure 6-5c. 
Some remains of physisorbed side-products can be seen in Figure 6-9a and efficiently 
removed by washing the sample with hot toluene (Figure 6-9b). Also, it is worth 
C
u
rr
e
n
t 
(µ
A
)
5
0
-5
-10
-15
-20
-25
-30
2
0
-2
-4
-6
-8
-10
-12
-14
C
u
rr
e
n
t 
(µ
A
)
E (V) vs Ag/AgCl
-0.4       -0.2         0.0         0.2          0.4 -0.6    -0.4     -0.2      0.0      0.2      0.4       0.6
E (V) vs Ag/AgCl
4-NBD 3,5-TBD
4-NBD 3,5-TBD
126 
 
mentioning that covalent surface patterning occurs even over step-edges (marked with 
the blue arrow in Figure 6-9a), suggesting the applicability of these grafting protocol to 
rougher CVD grown graphene samples. 
 
Figure 6-9. AFM topography images of nanocorrals patterned HOPG surfaces formed from a 
mixture of 4-NBD and 3,5-TBD (1:1 ratio) for 60s at -0.1V. (a) before washing; (b) after washing. 
Figure 6-10 shows the AFM morphology of the nanocorrals patterned HOPG surface 
formed at different applied potentials while keeping all other parameters (concentrations, 
NBD/TBD ration, grafting time) fixed. At +0.3 V (and above), the surface is clean; at +0.2 
V, some random grafting (without the formation of nanocorrals) occurs; while at more 
negative potentials the corrals are formed, varying in size and density for different 
reduction potentials. This observation can be explained as follows: at +0.3 V, neither 4-
NBD nor 3,5-TBD are electrochemically reduced (Figure 6-8), hence there is no grafting at 
this potential; at +0.2 V, 4-NBD can already be reduced, but not 3,5-TBD, yielding low-
density randomly grafted HOPG (Figure 6-10b); at +0.1 V and more negative potentials, 
both 4-NBD and 3,5-TBD can be reduced, leading to nanocorral formation (currently, there 
is no clear explanation why nanocorrals are not usually observed during the reduction of 
pure 4-NBD or 3,5-TBD).  
 
a) b)
400 nm 400 nm
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Figure 6-10. AFM topography images of HOPG samples modified by grafting of mixtures 
of 4-NBD and 3,5-TBD (0.5mM each) for 60s using different grafting potentials. 
Supporting electrolyte 50 mM HCl.  
A quantitative analysis of the relationships between the dimensions / the surface density 
of nanocorrals and the applied electrochemical potential is given in Figure 6-11. For Figure 
6-11a, the corrals are approximated to  have a perfect round shape and thus calculated 
surface areas are converted to corral diameters. The averaged ‘diameter’ of corrals is the 
largest (~ 130 nm) at +0.1 V and the lowest (~45 nm) at -0.5 V and increases again for 
more negative potentials. Interestingly, the dependency for the surface density of 
nanocorrals is also not monotonic: with ~ 20 corrals / µm2 at +0.1 V and goes through the 
maximum (~125 of corrals / µm2) at -0.5 V and decreases again at more negative 
potentials (Figure 6-11b). Both trends are reproducible and can be used for the 
preparation of nanocorral-decorated HOPG samples. 
+0.3 V +0.2 V +0.1 V 0.0 V
1 µm 1 µm 1 µm 1 µm
-0.1 V -0.2 V -0.3 V -0.4 V
1 µm 1 µm 1 µm 1 µm
-0.5 V -0.6 V -0.7 V -0.8 V
1 µm 1 µm 1 µm 1 µm
a) b) c) d)
e) f) g) h)
i) j) k) l)
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Figure 6-11. The plot of (a) corral diameter and (b) corral density versus applied 
potential. 
Nanostructured grafting can be also applied to other substrates. Thus, we have tested nanocorral 
decoration of graphene layers that were CVD grown on Cu and Pt foils (Figure 6-12). In both cases, 
nanocorrals were observed, however, the homogeneity, density and on-surface distribution 
depend strongly on the substrate used. Nanocorrals on CVD graphene/Pt (foil) are smaller and 
better defined (more uniform) than on CVD graphene/Cu (foil).  
 
Figure 6-12. Representative AFM topography images of (a) CVD graphene/Cu foil and (b) 
CVD graphene/Pt foil surfaces after grafting in a mixture of 4-NBD/3,5TBD (1:1 ratio) at 
E = -0.5V vs Ag/AgCl for 60s.  
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Nanocorrals on HOPG and graphene substrates represent small patches of unmodified 
graphene surface and as such can be covalently grafted, provided there are no blocking 
physisorbed adlayers. As an example we performed grafting of nanocorrals 3,4,5-
trimethoxyphenyl radicals (produced via the electrochemical reduction of 3,4,5-
trimethoxybenzenediazonium cations, TMD). Figure 6-13a shows a nanocorral-decorated 
HOPG surface. The corresponding line profile (Figure 6-13b) indicates that the depth of 
corrals is ~ 1.75 nm. After such sample is grafted again with 2mM TMD, the line profile 
shows a depth of about 1 nm, which is 0.75 nm smaller than that before the grafting. This 
difference is the same as the height of vertically ‘standing’ 3,4,5-trimethoxyphenyl moiety, 
confirming successful grafting of nanocorrals. Replacing TMD with other diazonium salts 
gives access to substrates with differently functionalized nanocorrals. 
 
Figure 6-13. AFM topography images of nanocorral patterned HOPG as a template for 
hetero-grafting. (a) Before hetero-grafting with 2mM TMD; (b) corresponding line 
profile for (a); (c) after hetero-grafting with 2mM TMD; (d) corresponding line profile for 
(c). Insets are the zoom-in images.  
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Finally, nanocorrals can be used to confine supramolecular assemblies and even as 2D 
nanoreactors for chemical transformations. Confined self-assembly can be done under 
ambient conditions, as in the case of 5-octadecyloxyisophthalic acid (ISA-OC18, Figure 6-
14a), or under full electrochemical control, as in the case of a viologen derivative (DBV, 
Figure 6-14b). As an example of even more complex design we have tested self-assembly 
and photopolymerization of 10,12-pentacosadyinoic acid (PCDA, Figure 6-14c). The 
unreacted and polymerized PCDA can be easily distinguished (Figure 6-14c, d). Note how 
the confinement of self-assembly here results in the formation of short (not exceeding 
the dimensions of the corrals) polymeric chains.  
 
Figure 6-14. STM of (a) Supramolecular self-assembly of 5-(octadecyloxy)-isophthalic 
acid (ISA-OC18) within patterned HOPG under ambient condition; (b) self-assembly of 
dibenzyl-viologen (DBV) within patterned HOPG under electrochemical condition; AFM 
of (c) UV on-surface polymerization of 10,12-pentacosadiynoic acid (PCDA) in 
nanocorrals; (d) the corresponding line profile for (c). 
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6.4. Conclusions 
Here, we presented an exploratory study of a novel nanostructured grafting method. An 
improved procedure allows the preparation of covalently functionalized graphene and 
graphite substrates decorated with nanocorrals patches of unmodified sp2 carbon lattice. 
If needed such corrals can be also grafted introducing new functionalities. Also, substrates 
decorated with nanocorrals represent a versatile platform for the investigation of 2D 
crystallization and 2D confinement of supramolecular self-assembly. Using topotactic on-
surface polymerization of diacetylenes as an example, we also demonstrated the use of 
corrals as nanoreactors for chemical transformations. Detailed mechanism of the 
nanocorral formation as well as full-fledged studies of confinement and reactivity are 
currently under investigation. 
 
6.5. Reference 
1. A. L. Gui, H. M. Yau, D. S. Thomas, M. Chockalingam, J. B. Harper, J. J. Gooding, Using 
supramolecular binding motifs to provide precise control over the ratio and distribution of species 
in multiple component films grafted on surfaces: demonstration using electrochemical assembly 
from aryl diazonium salts. Langmuir, 2013. 29(15): p. 4772–4781. 
2. D. Hetemi, H. Hazimeh, P. Decorse, A. Galtayries, C. Combellas, F. Kanoufi, J. Pinson, F. I. Podvorica, 
One-step formation of bifunctionnal aryl / alkyl grafted films on conducting surfaces by the 
reduction of diazonium salts in the presence of alkyl iodides. Langmuir, 2015. 31(19): p. 5406–
5415. 
3. C. Jiang, S. M. Silva, S.-J. Fan, Y.-F. Wu, M. T. Alam, G.-Z. Liu, J. J. Gooding, Aryldiazonium salt 
derived mixed organic layers: From surface chemistry to their applications. Journal of 
Electroanalytical Chemistry, 2016. 785: p. 265–278. 
4. S. Niyogi, E. Bekyarova, J. Hong, S. Khizroev, C. Berger, W. De Heer, R. C. Haddon, Covalent 
chemistry for graphene electronics. The Journal of Physical Chemistry Letters, 2011. 2(19): p. 
2487–2498. 
5. S. Niyogi, E. Bekyarova, M. E. Itkis, H. Zhang, K. Shepperd, J. Hicks, M. Sprinkle, C. Berger, C. N. Lau, 
W. De Heer, E. H. Conrad, R. C. Haddon, Spectroscopy of covalently functionalized graphene. Nano 
Letters, 2010. 10(10): p. 4061–4066. 
6. J. Greenwood, T. H. Phan, Y. Fujita, Z. Li, O, Ivasenko, W. Vanderlinden, H. Van Gorp, W. Frederickx, 
G. Lu, K. Tahara, Y. Tobe, H. Uji-i, S. F. L. Mertens, S. De Feyter, Covalent modification of graphene 
and graphite using diazonium chemistry: Tunable grafting and nanomanipulation. ACS Nano, 2015. 
9(5): p. 5520–5535. 
132 
 
7. T. H. Han, Y.-K. Huang, A. T. L. Tan, V. P. Dravid, J.-X. Huang, Steam etched porous graphene oxide 
network for chemical sensing. Journal of the American Chemical Society, 2011. 133(39): p. 15264–
15267. 
8. S. Han, D.-Q. Wu, S. Li, F. Zhang, X.-L. Feng, Porous graphene materials for advanced 
electrochemical energy storage and conversion devices. Advanced Materials, 2014. 26(6): p. 849–
864. 
9. C. Huang, C. Li, G. Shi, Graphene based catalysts. Energy & Environmental Science, 2012. 5(10): p. 
8848–8868. 
10. A. W. Hauser, P. Schwerdtfeger, Nanoporous graphene membranes for efficient 3He/4He 
separation. The Journal of Physical Chemistry Letters, 2012. 3(2): p. 209–213. 
11. M. Wilms, M. Kruft, G. Bermes, K. Wandelt, A new and sophisticated electrochemical scanning 
tunneling microscope design for the investigation of potentiodynamic processes. Review of 
Scientific Instruments, 1999. 70(9): p. 3641–3650. 
 
133 
 
Chapter 7 
Direct Covalent Immobilization of Beta-Cyclodextrin on sp2 
Carbon Surface for Selective Trace Amount Probing of Guests 
 
In previous chapters, we have demonstrated surface modification and nanopatterning of 
graphitic substrates via diazonium chemistry. Here we explore the feasibility of using 
covalently grafted HOPG as an electrode for electrochemical sensing. Mono(6-deoxy-6-S-
aminothiophenol)-beta-cyclodextrin (β-CD-aniline) is covalently immobilized on the HOPG 
surface and acts as a host for suitable guest molecules (ferrocene, dopamine). The enrichment 
of the analytes at the electrode surface leads to an enhanced electrochemical response and an 
improved detection limit.  Importantly, the modified electrode can selectivity detect analytes 
that form host-guest complexes with beta-CD against a much higher background of 
electroactive substances that do not. The grafted samples are characterized by AFM, STM and 
Raman measurements and the enhancement effect is studied using voltammetry. 
This chapter is a manuscript in preparation. I performed all the STM, AFM and electrochemical 
measurements, was involved in data analysis and writing of the first manuscript draft. The 
group of Prof. Richard Hoogenboom from Ghent University synthesized the molecule. 
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7.1. Introduction 
Cyclodextrins (CDs) are a class of cyclic oligosaccharides with repeating D-glucose units consisting 
of a hydrophobic cavity and a hydrophilic shell. They are classified in α, β, γ-cyclodextrins based 
on the number of glucopyranoside units, which determines their cavity size.1 Due to the 
geometry and properties of CDs, they act as excellent hosts selectively forming inclusion 
complexes with various guest molecules, with numerous applications in molecular recognition,2 
drug delivery,3 explosives detection,4 chiral separation5, etc. Among these, electroactive guests 
are of particular interest for the development of CD-based sensors.2,6 The successful 
implementation of CDs as sensing element requires their efficient immobilization on diverse 
electrode materials (e.g. graphene,7-9 carbon nanotubes10-13) through non-covalent14 and 
covalent modification.15,16 However, existing immobilization protocols are time consuming and 
involve many steps. In an alternative procedure, covalent attachment has been achieved using 
ferrocene as a redox mediator;17,18 this compound, however, forms a stable inclusion complex 
with CD, thereby compromising the sensing capabilities of the modified surface.  
Here, we propose a simple, mediator-free method to covalently modify an sp2 carbon surface 
(HOPG) with β-CD, Scheme 7-1. An aniline modified β-CD was synthesized according to the 
protocol in the appendix A.2. The aniline group is converted in situ into a diazonium functionality 
by adding HCl and NaNO2, which is then electrochemically reduced to yield aryl radicals that 
attack the HOPG surface, forming C-C bonds.19,20 We characterize the β-CD-grafted HOPG surface 
(β-CD-HOPG) using scanning tunneling microscopy (STM), atomic force microscopy (AFM) and 
Raman spectroscopy. The electrochemical response towards ferrocene (Fc) and 
hexycyanoferrate is studied using voltammetry.  Importantly, the sensor surface can detect trace 
amounts of hydrophobic analytes (Fc) against a 100-fold higher background of hydrophilic 
electroactive substance. We also demonstrate sensing of the neurotransmitter dopamine and 
blocking of the sensor surface by inclusion of electroinactive 1-adamantanecarboxylic acid (1-
AdCA). 
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Scheme 7-1. (a) Chemical structure of mono(6-deoxy-6-S-aminothiophenol)-beta-cyclodextrin 
(β-CD-aniline); (b) In situ conversion of β-CD-aniline to diazonium, electrochemical reduction 
to radicals and surface grafting. 
 
7.2. Experimental section  
All the STM, AFM, electrochemical and Raman experiments were performed in the same 
way as discussed in chapter 3. Sample heat treatment was performed in a petri dish on a 
hot plate at indicated temperatures for 30 mins, followed by cooling down before Raman 
measurements. 
 
Chemicals and solutions preparation 
Ultrapure water (Milli-Q, Millipore, 18.2 M Ω cm, total organic carbon <3 ppb) was used 
throughout. Potassium hexacyanoferrate (II) trihydrate (99%, Sigma-Aldrich) was 
dissolved in 0.2M sodium sulfate (99%, Sigma-Aldrich) water solution, ferrocene (98% 
Sigma-Aldrich) was dissolved in 1:1 ratio (by volume) of a mixture of ethanol (99.9%, 
Merck) / 0.5M sulfuric acid (96%, Merck) water solution to prepare 1mM solution or 
dissolved in 0.2M sodium sulfate water solution to prepare saturated solution. The 
saturated solution was filtered with filter paper (grade MN615, qualitative analysis, 
Macherey Nagel, Germany) before electrochemical measurements. Dopamine 
hydrochloride (98%, Sigma-Aldrich) was dissolved in 10 mM phosphate buffered saline 
(pH 7.4, Sigma-Aldrich) water solution. 1-Adamantanecarboxylic acid (99%, Acros 
Organics) was dissolved in ethanol.  Electrolyte solutions were deoxygenated with argon 
(grade 5.0, Praxair) before use. 
a) b)
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Electrodes preparation  
β-CD-aniline grafted HOPG: β-CD-aniline solutions were freshly prepared by dissolving 
the desired amount in aqueous HCl (4.9 mL, 50 mM) except for the cases of 2mM and 
5mM (4.8 mL and 4.5 mL HCl respectively) and adding NaNO2 (0.1 mL, 0.1 M), except for 
the cases of 2mM and 5mM (0.2 mL and 0.5 mL NaNO2 respectively). The mixture was 
shaken approximately 30 seconds prior to injection into the electrochemical cell. After 
modification, the modified HOPG samples were rinsed with Milli-Q water to remove 
electrolyte followed by sonication in hot water (100 °C) and hot dimethyl sulfoxide (100 
°C, 99.5%, Sigma-Aldrich) to remove physisorbed material from the surface, and dried in 
an Ar atmosphere. HOPG modified with physisorbed thick-film β-CD-aniline: 100 µL of 
1mM β-CD-aniline water solution was placed on freshly cleaved HOPG (12 mm x 12 mm) 
and dried overnight in a fume hood covered by a petri dish. HOPG modified with 
physisorbed thick-film β-CD-aniline after washing by water: the thick film of β-CD-aniline 
on HOPG was moderately rinsed with 10 ml milli-Q water and dried in Ar atmosphere. 
HOPG modified with physisorbed thin-film β-CD-aniline: freshly cleaved HOPG was 
dipped into 1mM β-CD-aniline water solution for 5 mins and dried in Ar atmosphere. 
HOPG grafted with 2mM β-CD-aniline_1-AdCA: the HOPG electrode grafted with 2mM β-
CD-aniline was immersed into 1mM 1-AdCA ethanol solution for 30 mins and then the 
electrode was rinsed with milli-Q water. 
 
7.3. Results and discussion 
Covalent grafting of HOPG with β-CD-aniline is based on the concept that one-electron 
electrochemical reduction of in situ generated diazonium salt generates radicals which 
subsequently react with sp2 carbon surfaces.21,22 
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Figure 7-1. CVs of HOPG in 2 mM β-CD-phenyldiazonium. 1st cycle (black curve), 2nd cycle (red 
curve) and 3rd cycle (blue curve). Supporting electrolyte 50 mM HCl. Scan rate 100 mV s-1.  
Figure 7-1 shows the CV of HOPG in 2mM β-CD-aniline in the presence of excess diazotization 
reagents NaNO2 and 50 mM HCl. The first cycle shows a small irreversible peak around E = -400 
mV vs Ag/AgCl, which indicates the reduction of the converted diazonium and the generation of 
the corresponding aryl radicals.23,24 The following cycles are featureless and the reduction current 
decreases due to the self-inhibition effect, which suggests blocking of the surface by the products 
formed during the ﬁrst cycle.23,24  
The formation of covalent carbon-carbon bonds between sp2 carbon surfaces and generated 
radicals alters the hybridization of the graphitic atoms from sp2 to sp3, creating lattice defects in 
sp2 materials. This modification of the conjugation length of the delocalized carbon lattice can be 
used to tune the electronic and surface properties of substrates.25-30 Raman spectroscopy has 
been confirmed as a rapid and non-destructive spectroscopic method to quantify lattice defects 
in sp2 carbon surfaces, as a specific D-band is only activated when sp3 sites are present.31,32 
Pristine graphitic surfaces without defects show zero D-band intensity.30,33 Therefore, as a 
measure of the extent of covalent surface functionalization, the integrated intensity ratio 
between D and G band (ID/IG) is utilized.   
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Figure 7-2. (a) Raman spectra of HOPG after grafting from solutions with varying β-CD-
phenyldiazonium concentrations. (b) Zoom-in of D bands for the spectra of (a). (c) Plot of D/G-
band intensity ratio versus solution concentration. The spectra were averaged over 5 to 8 
sample spots. Integration time 100 s. 
The Raman spectra in Figure 7-2a are for β-CD-phenyldiazonium grafted on HOPG from solutions 
with varying concentrations. To achieve better statistics, all Raman spectra were averaged over 
5-8 sample spots. The intense peaks at 1579 and 2680 cm-1 correspond to the G band and 2D 
band, respectively. The small band at 1338 cm-1 is assigned to the D band, which only appears 
when a structural defect is introduced in the sp2 carbon lattice.34 Figure 7-2b shows the enlarged 
D band region of Figure 7-2a. The D band intensity after grafting from a 0.1 mM solution of β-CD-
aniline is fairly low (ID/IG = 0.0263), suggesting that a low number of sp3 defects is created in the 
HOPG sp2 lattice due to covalent grafting. As the concentration of solution increases, Figure 7-2c, 
the D band intensity rises initially and then drops in the case of using 5mM grafting solution. The 
reason why grafting with 5mM solution gives such low density of covalent functionalization may 
be because the concentrated physisorbed inactivated β-CD-aniline molecules prevent activated 
radicals from attacking the substrate surface.  
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Figure 7-3. Raman spectra of β-CD-HOPG for temperature effect and washing experiments. (b) 
Plot of D/G-band intensity ratio versus temperature (At room temperature the curves 
measured before and after washing are included). The spectra were averaged over 5 to 8 
sample spots. Integration time 50 s. 
Importantly, the Raman spectrum for bare HOPG shows no D band (Figure 7-3a), suggesting a 
high quality of bare HOPG with no significant defects. Therefore, any D band probed on grafted 
HOPG samples in the Raman measurement is a consequence of the conversion of original sp2 
hybridization carbons to sp3 carbons. Furthermore, the physisorbed β-CD-aniline molecules are 
proven to be not responsible for the presence of D band. Raman spectra taken on the β-CD-
aniline thin-film modified HOPG show absence of D band, which helps exclude the possibility of 
contribution of D band signal from physisorbed species (Figure 7-3a and b). In addition, the D 
peak intensity does not decrease after rinsing and/or sonication in hot milli-Q water and hot 
DMSO, proving that the grafting layer is strongly bonded to the surface and confirming that 
physisorbed β-CD-diazonium does not contribute to the D band (Figure 7-3a and b). Thermal 
stability of the grafting layer was also tested by heating the sample to a certain temperature for 
30 mins. The D band intensity remains similar at elevated temperatures up to 140 °C, beyond 
which it decreases dramatically up to 200 °C and finally disappears at 220 °C. This proves that the 
covalently attached molecules are thermally stable up to 140 °C, after which gradual breakdown 
of covalent bonds occurs. 
0 50 100 150 200 250
0.000
0.005
0.010
0.015
0.020
0.025
0.030
0.035
 
 
 
220 °C
200 °C
190 °C
180 °C
170 °C
160 °C
140 °C
120 °C
100 °C
After washing
RT
Physisorption
Bare HOPG
Raman shift (cm-1)
1500 2000 2500
In
te
n
si
ty
Temperature (°C)
D
 /
 G
 r
at
io
a) b)
After 
washing
Before 
washing
140 
 
 
Figure 7-4. STM images after grafting of HOPG with β-CD-phenyldiazonium from (a) 0.1mM; (b) 
0.3mM; (c) 0.6mM; (d) 1mM; (e) 2mM and (f) 5mM solutions. (g) High-resolution STM image 
of covalent β-CD-phenyldiazonium graft on HOPG, insets: Fourier transform image of distorted 
graphite lattice region (upper) and normal region (lower). Tunneling parameters: (a)-(f) Iset= 
0.05nA, Vbias= -0.9V; (g) Iset= 0.12nA, Vbias= -1 mV. (h) Plot of grafting density (number of grafted 
molecules per 0.04 µm2) versus β-CD-phenyldiazonium concentration. The grafting sites were 
averaged over 10 to 20 sample spots. The size of each sample spot is 200 nm x 200 nm. Insets 
are the corresponding line profiles. 
STM is an accurate technique for high resolution imaging at atomic level, allowing direct 
visualization of defect sites and determination of defect density on carbon surfaces.35-37 Each 
bright feature depicted in STM represents a single graft or a cluster thereof, with an apparent 
height of around 0.6 nm. This value is much smaller than the expected length (2.1 nm) of the 
grafted β-CD-phenyldiazonium molecule. The likely explanation is that the tunneling mechanism 
mainly visualizes the grafting site in the substrate.37 The grafting density analysis based on the 
STM results, shown in Figure 7-4h, is in good agreement with the Raman measurement shown in 
Figure 7-2. Figure 7-4g shows a high-resolution image of a single defect site and its surrounding 
area. The defect induces a relatively large distorted area around the actual defect. The observed 
standing-wave patterns around the defect site indicate a local modiﬁcation of the carbon lattice 
and the corresponding Fourier transform image taken near the modification region (the upper 
white dashed square) shows additional spots in addition to the hexagonal pattern of the HOPG 
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lattice, confirming the lattice distortion. By contrast, in more remote regions (the lower white 
dashed square), the Fourier transform image only shows the hexagonal pattern of the HOPG 
lattice.    
 
Figure 7-5. AFM height images on HOPG with line profiles. (a) bare HOPG; (b) 2mM β-CD-
phenyldiazonium grafting after sequential ultrasonic treatment in dimethyl sulfoxide (100 °C) 
and hot water (100 °C); (c) thick film of physisorbed β-CD-aniline; (d) thick film of physisorbed 
2mM β-CD-aniline after washing with milli-Q water; (e) thin film of physisorbed β-CD-aniline; 
(f) physisorbed β-CD-aniline after ultrasonication in hot dimethyl sulfoxide and hot water.  
While STM is helpful in investigating the grafting density on surface, AFM is a reliable technique 
not only for obtaining two dimensional surface morphology of covalently grafted substrate but 
also for determining the thickness of the covalent grafting layer.37-39 The morphology of a bare 
HOPG surface is shown by an AFM image in Figure 7-5a, revealing the smooth basal plane and 
some step edges. After grafting from 2mM β-CD-phenyldiazonium and sonication in hot milli-Q 
water and hot DMSO, Figure 7-5b, the surface shows high coverage by a layer roughly 1.7 nm 
high, which suggests a monolayer thickness.  
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Figure 7-6. (a) AFM height image of scratching experiment on β-CD-HOPG surface. (b) Fitted 
histogram of height information for determination of the layer thickness. 
A more accurate thickness determination requires scratching with the AFM tip, yielding a height 
of 1.9 ± 0.3 nm (Figure 7-6). Besides the AFM investigation on the grafted surface, the surface 
information of β-CD-aniline physisorbed surfaces is studied. Figure 7-5c shows an HOPG surface 
covered by thick film of physisorbed β-CD-aniline. A full coverage of surface is observed and the 
thickness of the layer is deduced to be 12 nm at least on the basis of the height profile information, 
suggesting a multi-layer coverage. After such sample is moderately rinsed with milli-Q water at 
room temperature, the physisorbed species is partially removed leaving the surface covered by 
high hills (bright features ≈ 12 nm high) and vacancies, as shown in Figure 7-5d. The surface 
morphology of the thin-film of physisorbed β-CD-aniline covering HOPG is visualized, as shown 
in Figure 7-5e. The thickness of the thin film is around 1.7 nm determined by the corresponding 
height profile, indicating a monolayer coverage. Figure 7-5f shows that the physisorbed 
molecules are mostly removed by sonication in hot milli-Q water and hot DMSO, leaving only 
very few residual clusters on the surface. This also confirms the high stability of the grafted 
molecules compared to the physisorbed ones. 
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Figure 7-7. (a) Schematic of redox reaction of Fc and formation of inclusion complex with β-CD. 
(b) Schematic of grafted Fc-β-CD-HOPG. CV of 1mM Fc in (c) ethanol/0.5M H2SO4 (v:v = 1:1); 
and of saturated Fc in (d) H2SO4 water solution. Scan rate for all the curves 100 mV s-1.  
Ferrocene (Fc) is a redox compound with very low solubility in water that undergoes a one-
electron transfer oxidation reaction at a low potential, and is often employed as an internal 
standard and electron-mediator in electrochemical measurements. Stable inclusion complexes 
can be formed between Fc and CDs (α-CD, β-CD and γ-CD); the complex with β-CD is the most 
stable and has an association constant K = 3.54 x 104 M-1.40-42 The oxidized form of Fc, the water 
soluble ferrocenium cation Fc+, forms less stable inclusion complexes with CDs than the neutral 
form.42 As indicated by Figure 7-7a, electron transfer occurs in a coupled chemical-
electrochemical process where the complex first dissociates (chemical process), followed by the 
redox reaction of free Fc or Fc+.42-44 Electrochemical behavior of Fc and its derivatives in presence 
of free β-CD in solution was investigated by many groups, showing that upon addition of free β-
CD, the electrochemical behavior of Fc remains reversible but the peaks are shifted to more 
positive potentials and the corresponding peak current is substantially decreased due to the low 
diffusion coefficient of the formed inclusion complexes in solution.45-47 However, immobilization 
of β-CD molecules on electrode surfaces via host-guest chemistry leads to a local increase of their 
concentration and to pronounced improvement of the electrochemical signal.48,49 Figure 7-7c 
shows the electrochemical behavior of 1 mM Fc dissolved in a mixture of 1:1 (v:v) ethanol and 
0.5M H2SO4 on unmodified and β-CD-HOPG modified electrodes. On bare HOPG (black curve), Fc 
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undergoes a reversible one-electron transfer process with a pair of peaks located at 198 mV and 
279 mV, respectively, while on β-CD-HOPG (red curve), there is only a negligible enhancement of 
peak current and a small positive shift of redox peaks. However, in aqueous sulfuric acid solution, 
where the solubility of Fc was determined spectroscopically as (4.25 ± 0.02) × 10–5 M,50 the β-CD-
HOPG electrode yields a considerably enhanced response compared to bare HOPG, Figure 7-7d.  
 
Figure 7-8. (a) CV in 1mM K4[Fe(CN)6] of bare HOPG (black curve), HOPG modified with an ultra-
thin film of physisorbed β-CD-anilie (blue curve), HOPG grafted with 2mM β-CD-
phenyldiazonium (red curve) and 0.1mM β-CD-phenyldiazonium (dashed line) , HOPG modified 
with an ultra-thick film of physisorbed β-CD-aniline (purple curve) and HOPG modified with an 
ultra-thick film of physisorbed β-CD-aniline after washing by milli-Q water (green curve). (b) CV 
in 1mM K4[Fe(CN)6] + saturated Fc of bare HOPG (black curve) and HOPG grafted with 2mM β-
CD-phenyldiazonium (red curve), inset: the magnified red curve. Supporting electrolyte 0.2M 
Na2SO4 water solution. Scan rate for all curves 100 mV s-1.  
Hexacyanoferrate(II/III) ([Fe(CN)6]4– /[Fe(CN)6]3–) is a widely used water-soluble redox couple 
with reversible kinetics on many common electrode materials.  Often, grafted layers display a 
barrier effect towards electron transfer of hexacyanoferrate.51,52 Figure 7-8a shows reversible 
redox behavior of [Fe(CN)6]4– on bare HOPG (black curve) and no blocking effect from a thin 
physisorbed film of β-CD-phenyldiazonium (blue curve). On the other hand, high-density grafted 
layer (red curve) shows strong blocking, as does a thick physisorbed film (12 nm) of β-CD-
phenyldiazonium (purple curve). Simple washing with water, however, partially removes the 
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physisorbed thick layer and largely restores facile electron transfer (green curve). Low-density 
grafted films (from 0.1 mM diazonium solution) are unable to block the electron transfer process 
(dashed curve).  
Combining the behavior of highly grafted β-CD-HOPG towards Fc (enhancement) and 
hexacyanoferrate (blocking), we propose to use this modified electrode for electroanalysis of 
hydrophobic redox species in the presence of high backgrounds of interfering hydrophilic redox 
compound, even with highly similar redox potentials. Figure 7-8b shows the response of the bare 
and modified electrodes in saturated Fc (~ 10–5 M) in the presence of 1 mM [Fe(CN)6]4–.  On bare 
HOPG (black curve), the response is entirely dominated by the more abundant hexacyanoferrate, 
making the determination of Fc impossible. The grafted β-CD-HOPG (red curve), however, 
suppresses effectively the hexacyanoferrate redox signal and allows quantitative analysis of the 
Fc trace amount.  
 
Figure 7-9. (a) Dopamine inclusion and blocking with 1-AdCA for β-CD-HOPG electrode. (b) CV 
in 100 nM dopamine on bare HOPG (black curve), HOPG grafted with 2mM β-CD-
phenyldiazonium (red curve), and HOPG grafted with 2mM β-CD-phenyldiazonium_1-AdCA 
(blue curve). Supporting electrolyte: 10 mM PBS solution (pH = 7.4). 
Finally, we demonstrate the usefulness of the β-CD-HOPG electrode in the analysis of dopamine, 
an important neurotransmitter. Fig 7-9b shows that CV in 100 nM dopamine on bare HOPG (black 
curve) yields very small peaks with a peak current density of 4.16 × 10-2 µA·cm-2 due to the low 
concentration of analyte, while on the β-CD-HOPG (red curve) the enhancement of the peak 
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current density (4.16 µA·cm-2)  is significant (about 100 times) based on the host guest interaction 
between dopamine molecules and β-CD cavities with an association constant K = 95.06 M-1.53 The 
sensitivity is excellent and reaches 42 mA·mM-1·cm-2, which is 7.6 times higher than the reported 
sensitivity with a 3D nitrogen-doped graphene/β-CD electrode.49 In addition, the enhancement 
function can be switched off by occupying the cavities of the β-CD moiety by a guest molecule 
with a much higher association constant. On the β-CD-HOPG electrode, when the cavities of β-
CD moiety are occupied by 1-AdCA (blue curve) with an association constant of K = 501 M-1,1 the 
electrochemical signal of dopamine is blocked due to the formation of the more stable inclusion 
complex between β-CD cavity and 1-AdCA. This confirms that the current enhancement effect is 
caused by the host guest interaction based on the formation of inclusion complex between the 
grafted hosts and the electroactive guests. The reduction of the double layer capacitance is 
caused by the insulating effect of the grafting layer.  
 
7.4. Conclusion 
We have presented a simple, mediator-free method of grafting HOPG electrode with β-CD by 
electrochemical reduction of its corresponding phenyldiazonium. The grafted layer acts as a 
shield simultaneously blocking high concentrations of analytes that cannot form inclusion 
complexes with the surface-immobilized hosts and while boosting the signal of low 
concentrations of analytes that form inclusion complexes with the host grafted to the surface. 
This design shows an excellent sensitivity for the detection of dopamine at the nanomolar level. 
The enhancement effect can be switched off by occupying the cavities of the host layer with 
electroinactive guest molecules. 
 
7.5. References 
1. J. Szejtli, Introduction and general overview of cyclodextrin chemistry. Chemical Reviews, 1998. 
98(5): p. 1743–1754. 
2. L. Szente, J. Szemán, Cyclodextrins in analytical chemistry: Host–guest type molecular recognition. 
Analytical Chemistry, 2013. 85(17): p. 8024–8030. 
Chapter 7      
 
147 
 
3. R. Challa, A. Ahuja, J. Ali, R. Khar, Cyclodextrins in drug delivery: an updated review. American 
Association of Pharmaceutical Scientists, 2005. 6(2): p. E329–E357. 
4. A. Ponnu, E. V. Anslyn, A fluorescence-based cyclodextrin sensor to detect nitroaromatic 
explosives. Supramolecular Chemistry, 2010. 22(1): p. 65–71. 
5. H. Nishi, T. Fukuyama, S. Terabe, Chiral separation by cyclodextrin-modified micellar 
electrokinetic chromatography. Journal of Chromatography A, 1991. 553: p. 503–516. 
6. A. E. Kaifer, Interplay between molecular recognition and redox chemistry. Accounts of Chemical 
Research, 1999. 32(1): p. 62–71. 
7. N. Agnihotri, A. D. Chowdhury, A. De, Non-enzymatic electrochemical detection of cholesterol 
using β-cyclodextrin functionalized graphene. Biosensors and Bioelectronics, 2015. 63: p. 212–
217. 
8. Z. Hua, Q. Qin, X. Bai, C. Wang, X. Huang, β-Cyclodextrin inclusion complex as the immobilization 
matrix for laccase in the fabrication of a biosensor for dopamine determination. Sensors and 
Actuators B: Chemical, 2015. 220: p. 1169–1177. 
9. L. Tan, K.-G. Zhou, Y.-H. Zhang, H.-X. Wang, X.-D. Wang, Y.-F. Guo, H.-L. Zhang, Nanomolar 
detection of dopamine in the presence of ascorbic acid at β-cyclodextrin/graphene 
nanocomposite platform. Electrochemistry Communications, 2010. 12(4): p. 557–560. 
10. X.-C. Fu, J. Zhang, Y.-Y. Tao, J. Wu, C.-G. Xie, L.-T. Kong, Three-dimensional mono-6-thio-β-
cyclodextrin covalently functionalized gold nanoparticle/single-wall carbon nanotube hybrids for 
highly sensitive and selective electrochemical determination of methyl parathion. Electrochimica 
Acta, 2015. 153: p. 12–18. 
11. Z. Guo, L. Liang, J.-J. Liang, Y.-F. Ma, X.-Y. Yang, D.-M. Ren, Y.-S. Chen, J.-Y. Zheng, Covalently β-
cyclodextrin modified single-walled carbon nanotubes: a novel artificial receptor synthesized by 
‘click’chemistry. Journal of Nanoparticle Research, 2008. 10(6): p. 1077–1083. 
12. Z. Wang, S. Xiao, Y. Chen, β-Cyclodextrin incorporated carbon nanotubes-modified electrodes for 
simultaneous determination of adenine and guanine. Journal of Electroanalytical Chemistry, 2006. 
589(2): p. 237–242. 
13. J.-L. He, Y. Yang, X. Yang, Y.-L. Liu, Z.-H. Liu, G.-L. Shen, R.-Q. Yu, β-Cyclodextrin incorporated 
carbon nanotube-modified electrode as an electrochemical sensor for rutin. Sensors and 
Actuators B: Chemical, 2006. 114(1): p. 94–100. 
14. B. Léger, S. Menuel, D. Landy, J.-F. Blach, E. Monflier, A. Ponchel, Noncovalent functionalization 
of multiwall carbon nanotubes by methylated-β-cyclodextrins modified by a triazole group. 
Chemical Communications, 2010. 46(39): p. 7382–7384. 
15. Y. Gao, Y. Cao, G. Song, Y. Tang, H. Li, β-Cyclodextrin covalently functionalized single-walled 
carbon nanotubes: Synthesis, characterization and a sensitive biosensor platform. Journal of 
Biomaterials and Nanobiotechnology, 2011. 2(04): p. 454–460. 
16. B. Konkena, S. Vasudevan, Covalently linked, water-dispersible, cyclodextrin: reduced-graphene 
oxide sheets. Langmuir, 2012. 28(34): p. 12432–12437. 
17. L. S. Hernández-Muñoz, C. Frontana, F. J. González, Covalent modification of carbon surfaces with 
cyclodextrins by mediated oxidation of β-cyclodextrin monoanions. Electrochimica Acta, 2014. 
138: p. 22–29. 
18. D. M. Hernández, M. A. González, P. D. Astudillo, L. S. Hernández, F. J. González, Modification of 
carbon electrodes by anodic oxidation of organic anions. Procedia Chemistry, 2014. 12: p. 3–8. 
19. P. Viel, X. T. Le, V. Huc, J. Bar, A. Benedetto, A. Le Goff, A. Filoramo, D. Alamarguy, S. Noël, L. 
Baraton, Covalent grafting onto self-adhesive surfaces based on aryldiazonium salt seed layers. 
Journal of Materials Chemistry, 2008. 18(48): p. 5913–5920. 
148 
 
20. C. Cougnon, F. Gohier, D. Bélanger, J. Mauzeroll, In situ formation of diazonium salts from nitro 
precursors for scanning electrochemical microscopy patterning of surfaces. Angewandte Chemie, 
2009. 121(22): p. 4066–4068. 
21. A. J. Downard, Electrochemically assisted covalent modification of carbon electrodes. 
Electroanalysis, 2000. 12(14): p. 1085–1096. 
22. T. N. Pham-Truong, F. Lafolet, J. Ghilane, H. Randriamahazaka, Surface functionalization with 
redox active molecule-based imidazolium via click chemistry. Electrochemistry Communications, 
2016. 70: p. 13–17. 
23. S. Baranton, D. Bélanger, Electrochemical derivatization of carbon surface by reduction of in situ 
generated diazonium cations. The Journal of Physical Chemistry B, 2005. 109(51): p. 24401–24410. 
24. P. M. Kirkman, A. G. Guell, A. S. Cuharuc, P. R. Unwin, Spatial and temporal control of the 
diazonium modification of sp2 carbon surfaces. Journal of the American Chemical Society, 2013. 
136(1): p. 36–39. 
25. S. Niyogi, E. Bekyarova, M. E. Itkis, H. Zhang, K. Shepperd, J. Hicks, M. Sprinkle, C. Berger, C. N. Lau, 
W. A. De Heer, E. H. Conrad, R. C. Haddon, Spectroscopy of covalently functionalized graphene. 
Nano Letters, 2010. 10(10): p. 4061–4066. 
26. M. Z. Hossain, M. A. Walsh, M. C. Hersam, Scanning tunneling microscopy, spectroscopy, and 
nanolithography of epitaxial graphene chemically modified with aryl moieties. Journal of the 
American Chemical Society, 2010. 132(43): p. 15399–15403. 
27. F. M. Koehler, N. A. Luechinger, D. Ziegler, E. K. Athanassiou, R. N. Grass, A. Rossi, C. Hierold, A. 
Stemmer, W. J. Stark, Permanent pattern‐resolved adjustment of the surface potential of 
graphene-like carbon through chemical functionalization. Angewandte Chemie International 
Edition, 2009. 48(1): p. 224–227. 
28. K. Stevenson, P. Veneman, R. Gearba, K. Mueller, B. Holliday, T. Ohta, C. Chan, Controlled covalent 
modification of epitaxial single layer graphene on 6H-SiC (0001) with aryliodonium salts using 
electrochemical methods. Faraday Discussions, 2014. 172: p. 273–291. 
29. C.-J. Shih, Q. H. Wang, Z. Jin, G. L. Paulus, D. Blankschtein, P. Jarillo-Herrero, M. S. Strano, Disorder 
imposed limits of mono-and bilayer graphene electronic modification using covalent chemistry. 
Nano Letters, 2013. 13(2): p. 809–817. 
30. H. Zhang, E. Bekyarova, J.-W. Huang, Z. Zhao, W. Bao, F. Wang, R. C. Haddon, C. N. Lau, Aryl 
functionalization as a route to band gap engineering in single layer graphene devices. Nano Letters, 
2011. 11(10): p. 4047–4051. 
31. G. L. Paulus, Q. H. Wang, M. S. Strano, Covalent electron transfer chemistry of graphene with 
diazonium salts. Accounts of Chemical Research, 2012. 46(1): p. 160–170. 
32. X. Dong, Q. Long, A. Wei, W. Zhang, L.-J. Li, P. Chen, W. Huang, The electrical properties of 
graphene modified by bromophenyl groups derived from a diazonium compound. Carbon, 2012. 
50(4): p. 1517–1522. 
33. A. C. Ferrari, D. M. Basko, Raman spectroscopy as a versatile tool for studying the properties of 
graphene. Nature Nanotechnology, 2013. 8(4): p. 235–246. 
34. A. C. Ferrari, Raman spectroscopy of graphene and graphite: disorder, electron–phonon coupling, 
doping and nonadiabatic effects. Solid State Communications, 2007. 143(1): p. 47–57. 
35. M. M. Lucchese, F. Stavale, E. M. Ferreira, C. Vilani, M. Moutinho, R. B. Capaz, C. Achete, A. Jorio, 
Quantifying ion-induced defects and Raman relaxation length in graphene. Carbon, 2010. 48(5): 
p. 1592–1597. 
36. L. Daukiya, C. Mattioli, D. Aubel, S. Hajjar-Garreau, F. Vonau, E. Denys, G. Reiter, J. Fransson, E. 
Perrin, M.-L. Bocquet, Covalent functionalization by cycloaddition reactions of pristine defect-free 
graphene. ACS Nano, 2017. 11(1): p. 627–634. 
Chapter 7      
 
149 
 
37. J. Greenwood, T. H. Phan, Y. Fujita, Z. Li, O. Ivasenko, W. Vanderlinden, H. Van Gorp, W. Frederickx, 
G. Lu, K. Tahara, Y. Tobe, H. Uji-i, S. F. L. Mertens, S. De Feyter, Covalent modification of graphene 
and graphite using diazonium chemistry: Tunable grafting and nanomanipulation. ACS Nano, 2015. 
9(5): p. 5520–5535. 
38. B. M. Simons, J. Lehr, D. J. Garrett, A. J. Downard, Formation of thick aminophenyl films from 
aminobenzenediazonium ion in the absence of a reduction source. Langmuir, 2014. 30(17): p. 
4989–4996. 
39. M. Torréns, M. Ortiz, A. P. Turner, V. Beni, C. K. O'Sullivan, Controlled Zn-mediated grafting of thin 
layers of bipodal diazonium salt on gold and carbon substrates. Chemistry-A European Journal, 
2015. 21(2): p. 671–681. 
40. A. Harada, S. Takahashi, Preparation and properties of cyclodextrin–ferrocene inclusion 
complexes. Journal of the Chemical Society, Chemical Communications, 1984. 10: p. 645–646. 
41. A. Harada, Y. Hu, S. Yamamoto, S. Takahashi, Preparation and properties of inclusion compounds 
of ferrocene and its derivatives with cyclodextrins. Journal of the Chemical Society, Dalton 
Transactions, 1988. 3: p. 729–732. 
42. D. Osella, A. Carretta, C. Nervi, M. Ravera, R. Gobetto, Inclusion complexes of ferrocenes and β-
cyclodextrins. Critical appraisal of the electrochemical evaluation of formation constants. 
Organometallics, 2000. 19(14): p. 2791–2797. 
43. Y. Wang, S. Mendoza, A. E. Kaifer, Electrochemical reduction of cobaltocenium in the presence of 
β-cyclodextrin. Inorganic Chemistry, 1998. 37(2): p. 317–320. 
44. L. Peng, A. Feng, M. Huo, J. Yuan, Ferrocene-based supramolecular structures and their 
applications in electrochemical responsive systems. Chemical Communications, 2014. 50(86): p. 
13005–13014. 
45. E. Coutouli-Argyropoulou, A. Kelaidopoulou, C. Sideris, G. Kokkinidis, Electrochemical studies of 
ferrocene derivatives and their complexation by β-cyclodextrin. Journal of Electroanalytical 
Chemistry, 1999. 477(2): p. 130–139. 
46. C. M. Cardona, T. D. McCarley, A. E. Kaifer, Synthesis, electrochemistry, and interactions with β-
cyclodextrin of dendrimers containing a single ferrocene subunit located “off-center”. The Journal 
of Organic Chemistry, 2000. 65(6): p. 1857–1864. 
47. R. C. Sabapathy, S. Bhattacharyya, W. Cleland, C. L. Hussey, Host-guest complexation in self-
assembled monolayers: Inclusion of a monolayer-anchored cationic ferrocene-based guest by 
cyclodextrin hosts. Langmuir, 1998. 14(14): p. 3797–3807. 
48. Y. Guo, S. Guo, J. Li, E. Wang, S. Dong, Cyclodextrin–graphene hybrid nanosheets as enhanced 
sensing platform for ultrasensitive determination of carbendazim. Talanta, 2011. 84(1): p. 60–64. 
49. J. Liu, X. Leng, Y. Xiao, C. Hu, L. Fu, 3D nitrogen-doped graphene/β-cyclodextrin: host-guest 
interaction for electrochemical sensing. Nanoscale, 2015. 7(28): p. 11922–11927. 
50. C. Ouyang, K. J. Aoki, J. Chen, T. Nishiumi, B. Wang, Association constants of ferrocene with 
cyclodextrins in aqueous medium determined by solubility measurements of ferrocene. Bulletin 
of the Chemical Society of Japan, 1998. 71(7): p. 1615–1618. 
51. A. J. Downard, M. J. Prince, Barrier properties of organic monolayers on glassy carbon electrodes. 
Langmuir, 2001. 17(18): p. 5581–5586. 
52. M. Kullapere, M. Marandi, L. Matisen, F. Mirkhalaf, A. E. Carvalho, G. Maia, V. Sammelselg, K. 
Tammeveski, Blocking properties of gold electrodes modified with 4-nitrophenyl and 4-
decylphenyl groups. Journal of Solid State Electrochemistry, 2012. 16(2): p. 569–578. 
53. Y. Zhou, C. Liu, H. Yu, H. Xu, Q. Lu, L. Wang, A preliminary investigation of the complexation of 
dopamine by p‐sulfonated calix [4, 6] arene and β-cyclodextrin using fluorescence spectrometry. 
Spectroscopy Letters, 2006. 39(5): p. 409–420. 
150 
 
 
 
151 
 
Chapter 8 
Redox-Driven Dynamics of 3D Tecton Adlayer on HOPG under 
Electrochemical Control 
 
In this chapter, we show the self-assembly behavior of a ferrocene-functionalized 3D tecton 
(M-Fc) at the solid-liquid interface and in electrochemical environment. The M-Fc adlayer was 
successfully visualized under both ambient and electrochemical conditions. The voltammetric 
measurements show a surface confined redox process for the M-Fc modified HOPG. The 
adlayer redox process drives the phase transition between a visible 2D ordered linear phase 
(M-Fc0, with ferrocene in the neutral state) and an invisible gas-like adsorption layer with high 
mobility when ferrocene is oxidized, M-Fc+, which is monitored by in situ electrochemical 
scanning tunneling microscopy (EC-STM). The ferrocene-free tecton adlayer shows no phase 
transition and proves that the dynamics in M-Fc are redox-driven. 
This chapter is a manuscript in preparation. I performed all the (EC) STM, AFM and 
electrochemical measurements, and was involved in data analysis and writing of the first 
manuscript draft. The group of Prof. André-Jean Attias from Université Pierre et Marie Curie 
synthesized the molecules. 
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8.1. Introduction  
Surface modification of graphitic substrates can be achieved through covalent and non-covalent 
methods. Non-covalent modification is based on self-assembly through physisorption of building 
blocks and can produce highly ordered nanopatterns. The covalent modification method is often 
used to introduce diverse functional groups on various substrates with great stability, and can be 
used as platform to extend functionalization in a direction orthogonal to the surface.1-3 However, 
as far as graphitic surface is concerned, modification via covalent method lowers the electron 
mobility, and breaks its electron-hole symmetry.4 Furthermore, in many cases lateral ordering of 
the attached functional groups is uncontrollable due to dendritic growth.5,6 Therefore, 
establishing a versatile method of providing well-defined network ordering with tailored 
functionalities remains challenging without disturbing the excellent electronic property of 
substrate. “Janus-like 3D tectons”7-10 allow tunable non-covalent functionalization of graphitic 
surfaces. Such molecules provide both the in-plane ordering with a pedestal moiety that 
physisorbs on the surface and the out-of-plane functionalities that are linked with single- or 
multi-layered [2.2]paracyclophane (PCP) moiety as a nanopillar to tune the height.  
Redox-active monolayers are often covalently attached to metallic or semi-conductive substrates 
to form a “device-like” assembly (tip-molecule-substrate) with tip and substrate as source and 
drain electrodes, and the electrolyte as gating medium. In these experiments, ferrocene (Fc) is 
frequently used as redox moiety because of its fast electron transfer rate, accessible redox 
potentials and high stability in its two redox states (neutral ferrocene and positively charged 
ferrocenium).11  
In this chapter, a Fc functionalized 3D tecton M-Fc (Figure 8-1) is studied, in order to explore its 
self-assembly, dynamic and electrochemical behavior on highly oriented pyrolytic graphite as a 
substrate. The Fc moiety is covalently linked to a pedestal moiety that acts as a self-assembling 
unit. The non-functionalized pedestal M is also investigated as a reference. 
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Figure 8-1. Chemical structure of pedestal M and Fc functionalized 3D tecton M-Fc. 
 
8.2. Experimental methods 
All AFM, (EC) STM, and electrochemical measurements were performed in the same way 
as discussed in previous chapters. 
Ultrapure water (Milli-Q, Millipore, 18.2 MΩ cm, total organic carbon <3 ppb) was used 
throughout. Reagent grade perchloric acid and sodium perchlorate were purchased from 
Merck and Sigma-Aldrich, and used without further puriﬁcation. Electrolyte solutions 
were deoxygenated with argon (grade 5.0, Praxair) for several hours before use. M and 
M-Fc were synthesized according to the procedure previously described.7,8 These 
molecules were dissolved in 1-phenyloctane (98%, Sigma-Aldrich) separately or mixed for 
ambient STM at the solid-liquid interface. Dry films of M and M-Fc on HOPG were 
prepared by dropcasting 20 µl 100-fold diluted saturated solution in ethanol 
(spectroscopic grade, Sigma-Aldrich), followed by slow evaporation of the solvent in a 
sealed petri dish. For CV measurements, M and M-Fc were dissolved in dichloromethane 
(DCM, 99.8%, Sigma-Aldrich) containing 0.1M tetrabutylammonium hexafluorophosphate 
(Bu4NPF6, 99%, Sigma-Aldrich) as supporting electrolyte. All electrochemical 
measurements were performed using an Autolab PGSTAT101 potentiostat (Metrohm-
Autolab BV, The Netherlands). The HOPG surface was freshly cleaved using scotch tape 
prior to each experiment. Voltammetry was performed in a lab-built single-compartment 
three-electrode cell, with HOPG as working electrode (geometric area 38.5 mm2), Pt wire 
counter and Ag/AgCl/3M NaCl reference electrodes.  
M M-Fc
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8.3. Results and discussion 
8.3.1. Self-assembly at solid liquid interface  
The self-assembly behavior of the pedestal (M) and Fc functionalized 3D tecton (M-Fc) was 
investigated at the solid-liquid interface by STM imaging. 
 
Figure 8-2. STM images of self-assembly of (a, b) M and (c, d) M-Fc at HOPG/1-phenyloctane 
interface. Tunneling parameters: Vbias= -0.5V and It=0.1nA. Unit cell parameters: (b) a= 3.80 ± 
0.02 nm, b= 2.18 ± 0.02 nm, γ= 66 ± 1o, (d) a= 3.89 ± 0.01 nm, b= 2.14 ± 0.02 nm, γ= 68 ± 1o. 
Figure 8-2a and b show large-scale and high-resolution STM images of M at the HOPG/1-
phenyloctane (1-PO) interface at a concentration of 2 x 10-6 M. A linear structure is formed with 
the planar cores parallel to each other and the alkyl chains interdigitating. The linear patterns run 
along specific directions, in this case (nearly) parallel to one of the main symmetry axes of the 
HOPG substrate, which is typical behavior for alkylated molecules on graphite.12,13 The unit cell 
of the packing is measured as a= 3.80 ± 0.02 nm, b= 2.18 ± 0.02 nm, γ= 66 ± 1o based on the 
calibrated images. Figure 8-2c and d show the equivalent images for the 3D tecton M-Fc. A similar 
linear packing was formed by self-assembly with similar unit cell parameters as M-Fc: a= 3.89 ± 
a
b
γ
a
b
γ
a) b)
c) d)
20 nm 3 nm
20 nm 3 nm
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0.01 nm, b= 2.14 ± 0.02 nm, γ= 68 ± 1o. On closer inspection, using the same tunneling conditions, 
M appears planar with the structure of the molecule easily recognized in the high-resolution 
image (Figure 8-2b). By contrast, an additional protrusion is observed for M-Fc, which can 
therefore be attributed to the Fc functional group and its linker (nanopillar). To allow direct 
comparison of the two molecules under identical imaging conditions, self-assembly of a mixture 
(concentration of each component is 1 x 10-6 M) was investigated by STM at the interface of 
HOPG/1-PO. Figure 8-3a and b show large-area and high-resolution STM images of the self-
assembly of the mixture, revealing two types of contrast. The bright and the dark features appear 
mixed on the surface without any sign of phase segregation. The bright features indicate M-Fc 
with larger apparent height than M, as shown by the line profile in Figure 8-3c. 
 
Figure 8-3. STM images of self-assembly of the mixture of M and M-Fc (1:1 ratio) concentration 
1 x 10-6 M for each component (a) large-scale, (b) high-resolution. (c): line profile of image (b). 
Tunneling parameters: (a) and (b) Vbias= -0.5V and It=0.1nA.  
 
8.3.2. Preparation of dry films on HOPG 
In order to conduct electrochemical measurements and in situ STM imaging under potential 
control, dry films of M and M-Fc were prepared from ethanol solutions. The 100 times diluted 
saturated solutions were drop-cast onto freshly cleaved HOPG substrates with slow evaporation 
of the solvent, followed by rinsing of the surface with 10 ml milli-Q water in order to remove any 
loosely bonded molecules or aggregates. The dry films were characterized by AFM under tapping 
mode, providing general information on the surface morphology and coverage.  
4
3
2
1
0
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Figure 8-4. AFM height images of dry film of (a) M and (b) M-Fc at HOPG/air interface. Insets 
are corresponding FFT images.  
Figure 8-4 shows AFM images of the drop-cast films of M and M-Fc, revealing substantial 
coverage of HOPG. The structure of the monolayers is similar to the structure obtained at the 
solid-liquid interface (see Figure 8-2). Multiple domains are formed on the HOPG surface and 
their relative orientation (multiples of 60 or 120 degrees) indicate the templating effect of the 
graphite substrate. Furthermore, the molecules can arrange into left-handed and right-handed 
domains (two mirrored dots on one spot in the FFT image in Figure 8-4b), as reported before.7,8 
 
8.3.3. Electrochemical characterization  
The electrochemical behavior of the M-Fc and M modified HOPG was investigated by cyclic 
voltammetry in 0.1M NaClO4 aqueous electrolyte. 
A
200 nm200 nm
a) b)
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Figure 8-5. CV in 0.1M NaClO4 of M modified HOPG (red curve) and M-Fc modified HOPG (black 
curve). Scan rate: 100 mV/s. CE: Pt wire; RE: Ag/AgCl. 
In Figure 8-5, CV on M-Fc modified HOPG (red curve) shows a pair of well-defined redox peaks at 
1.08 V for oxidation (Fc - e- → Fc+) and 0.97 V for reduction (Fc+ + e- → Fc). In contrast to M-Fc, M 
modified HOPG (black curve) shows no redox features. We note that the capacitive current is 
markedly larger for M/HOPG than for M-Fc/HOPG, reflecting the difference in height of the 
adlayer. In the double-layer charging region (0.0 V to 0.9 V), a more compact adlayer (here, M) 
represents a thinner dielectric separating the metal from the electrolyte, leading to a higher 
interfacial capacitance.   
 
Figure 8-6. CV of HOPG in (5.76 x 10-4 M) M-Fc in DCM + 0.1M Bu4NPF6 (black curve). CV in 0.1M 
NaClO4 on M-Fc modified HOPG. Scan rate: 100 mV/s. CE: Pt wire; RE: Ag/AgCl. 
0.0 0.2 0.4 0.6 0.8 1.0 1.2
-4
-2
0
2
4
6
8
 
E (V) vs Ag/AgCl
C
u
rr
e
n
t 
(µ
A
)
0.0 0.2 0.4 0.6 0.8 1.0 1.2
-10
-5
0
5
10
15
20
C
u
rr
e
n
t 
(
A
)
E (V) vs Ag/AgCl
 in DCM
 in NaClO
4
/water
in NaClO4/water
in DCM 
158 
 
Voltammetry of M-Fc was also performed in DCM (a good solvent for M-Fc) containing 0.1M 
Bu4NPF6 as supporting electrolyte, in order to compare the electrochemical behavior of M-Fc in 
solution with that in the adlayer. Figure 8-6 (black curve) shows that also in solution, reversible 
redox behavior stemming from the Fc unit is observed. However, the redox potentials are 
substantially less positive than for the thin film in aqueous solution. This behavior indicates that 
it is thermodynamically more difficult to oxidize the surface-confined M-Fc, which may be 
electrostatic in origin: on oxidation, counter ion association with the charged adlayer is necessary 
for electroneutrality reasons, and the close spacing in the adlayer may make this unfavorable. 
 
Figure 8-7. Scan rate dependent CVs of (a) HOPG in 5.8 x 10-4 M M-Fc in DCM + 0.1M Bu4NPF6 
and (c) M-Fc modified HOPG in 0.1M NaClO4. (b, d) Corresponding plots of peak current versus 
scan rate for (a,c). 
Scan rate dependent CV measurements are often used to distinguish freely diffusing  and surface-
confined redox species.14 If the peak current is proportional to the square root of scan rate, the 
redox species is diffusing in solution, while if the peak current is proportional to the scan rate 
itself, the redox process is confined to the surface of the electrode. Figure 8-7a shows a series of 
CVs of M-Fc in DCM recorded with different scan rates. The dependence of peak current is linear 
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with square root of scan rate (Figure 8-7b), confirming that M-Fc freely diffuses in solution in this 
case. By comparison, the surface-confined redox process in the thin film is indicated by the linear 
relationship between the peak current and scan rate, Figure 8-7d.  
 
8.3.4. EC-STM imaging of M and M-Fc  
M-Fc bears an electroactive Fc moiety, so that proper selection of the substrate potential is 
expected to change the redox state of Fc between neutral and +1. Potential-driven phase 
transformation of charged molecules has been studied by EC-STM.15-17 Cui et al. demonstrated 
that the polyaromatic PQPC6+ cation can self-assemble on Au(111) and that the structure can be 
modified  based on the surface charge density of the substrate.15 Potential-driven phase 
transitions have been mostly studied on metal substrates. Here we report the redox-driven 
structural changes in M-Fc layers on HOPG, a clearly underrepresented substrate in EC-STM.  
 
Figure 8-8. CV in 0.1M HClO4 of (a) M-Fc modified HOPG and (d) M modified HOPG. Scan rate: 
50 mV/s. CE: Pt wire; RE: Pt wire. EC-STM images of (b) and (c) M-Fc modified HOPG; EC-STM 
images of (e) and (f) M modified HOPG. Tunneling parameters: (b, c) Es=0.1V, Eb= 0.9V, It= 0.16 
nA; (e, f) Es=0.1V, Eb= 1.24 V, It= 0.40 nA. 
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The electrochemical behavior of the M-Fc modified HOPG (Figure 8-8a) and M modified HOPG 
(Figure 8-8d) in the EC-STM setup are similar to the behavior shown in Figure 8-5, with a pair of 
redox peaks for M-Fc and a featureless curve for M. The self-assembled monolayers of M-Fc and 
M on HOPG were also visualized with M-Fc in the neutral state at Es = 0.1V in electrochemical 
environment with a coated W tip. On M-Fc modified HOPG, the molecules packed in lamellar 
structures in three different directions, Figure 8-8b, similar to the structure observed at the solid-
liquid interface by ambient STM and under dry condition by AFM. The high resolution image 
(Figure 8-8c) shows in electrochemical environment the self-assembled molecule rows (marked 
with lines) with a width (about 3.8 nm) similar to that measured at the phenyloctane-HOPG 
interface. Similar structural observations are valid for M, as shown in Figure 8-8e and f.  
 
Figure 8-9. EC-STM images of M-Fc in 0.1M HClO4 showing different surface coverages under 
potential control. Tunneling parameters: (a) Eb= 1.0 V; (b) Eb= 1.0 V; (c) Eb= 1.1 V; (d) Eb= 1.1 V; 
It= 0.16 nA for all images. Scale bar: 40 nm for all images.  
As the substrate potential approaches the M-Fc oxidation potential of M-Fc/HOPG, the STM 
images in Figure 8-9 show that the ordered fraction of the adlayer decreases and finally 
disappears.  In view of the insolubility of M-Fc in aqueous solutions, we ascribe this observation 
to the formation of a 2D gas-like M-Fc+ adsorption layer, similar as postulated by Sagara et al. for 
dibenzylviologen.17 The high mobility of the molecules within the adlayer prevents their imaging 
with standard STM methods, and would require video rate STM. 
At each of the substrate potential values in Figure 8-9, also dynamics could be observed in 
consecutive STM images, Figure 8-10. 
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Figure 8-10. Adlayer dynamics of M-Fc/HOPG in 0.1M HClO4. Tunneling parameters: (a-d) and 
(i-l) Eb= 1.1 V; (e-h) Eb= 1.1 V; (m-p) Eb= 1.0 V; (q-t) Eb= 1.0 V. It = 0.16 nA for all images. 
At a substrate potential of 0.3 V, partial oxidation of the M-Fc adlayer leads to pronounced 
dynamics, in which well-ordered islands are separated by disordered (presumably 2D gas-phase) 
regions. The ordered islands are seen to change shape and size, as would be expected for a 
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system close to equilibrium. The actual imaging by the tip may contribute to the observed 
dynamics under these conditions. When the substrate potential is changed to 0.4 V, the ordered 
islands gradually disappear and only leave the disordered 2D gas, Figure 8-10e-h. Reversing the 
potential to 0.3 V (Figure 8-10i-l) causes ordered but continually changing islands to reappear.  A 
decrease to 0.2 V causes a shrinking of the disordered regions to narrow areas between ordered 
islands (Figure 8-10m-p), that become static with well-defined domain boundaries at 0.1 V (Figure 
8-10q-t). 
 
Figure 8-11. EC-STM images of M in 0.1M HClO4 under potential control. (a) and (c) Topographic 
images; (b) and (d) corresponding current images for (a) and (c). Tunneling parameters: (a) and 
(b) Es=0.1V, Eb= 1.0 V, It= 0.09 nA; (c) and (d) Es=0.4V, Eb= 1.36 V, It= 0.11 nA. The alignment of 
the molecular rows is indicated by the red arrows. 
For comparison, M/HOPG (that is, pedestal only) was also investigated by EC-STM, Figure 8-11. 
A linear packing is observed, independent from substrate potential, in spite of thermal drift. This 
observation provides further evidence that the dynamics found for M-Fc/HOPG under 
electrochemical conditions is indeed redox-driven.  
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Figure 8-12. EC-STM images of M-Fc modified HOPG in 0.1M HClO4 in absence (a) and presence 
(b) of 10 µM beta-cyclodextrin. Tunneling parameters: (a) Es=0.2 V, Eb= 1.1 V, It= 0.41 nA; (b) 
Es=0.2 V, Eb= 1.1 V, It= 0.28 nA. 
As discussed in chapter 7, stable inclusion complexes can be formed between ferrocene and beta-
cyclodextrin.18,19 From the results shown in Figure 8-3, we know that an ordered layer of M-Fc 
can be formed on HOPG surface with the Fc moiety pointing up, which could be available for 
inclusion complex formation with beta-cyclodextrin. An ordered M-Fc adlayer was first formed 
in electrochemical environment, Figure 8-12a. Afterwards, 10 µM beta-cyclodextrin in 0.1M 
HClO4 was injected into the system and imaged under the same electrochemical conditions. 
Figure 8-12b shows bright protrusions (indicated by the black arrows) on the surface after the 
addition of beta-cyclodextrin, presumably due to the formation of the inclusion complex. 
Finally, we explore whether resonant tunneling mediated by the Fc redox center can be probed 
in situ by scanning tunneling spectroscopy (EC-STS).  Figure 8-13a shows a typical I-V curve for M-
Fc molecular junctions in constant sample bias mode with Eb = 1.10 V and I0 = 0.21 nA. In this 
experiment, the bias voltage between tip and substrate is kept constant. The EC-STS 
measurements were started at a substrate potential of 0.1 V, where the Fc moiety is in its neutral 
state and the M-Fc adlayer is stable. Afterwards, the substrate and tip potentials are swept 
towards values more positive than the equilibrium potential E0 with a constant rate.  Figure 8-
13a shows that a clear resonance in the tunneling current is observed (blue trace) that correlates 
with the oxidation feature in the linear sweep voltammogram (black trace).  For ease of 
comparison, the STS curve is shown as a function of overpotential η = Es-E0 (i.e. the difference 
a)
6 nm
b)
6 nm
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between applied and Nernst potential for M-Fc). The tunneling current is asymmetric around η = 
0 V, with a higher value at η > 0 than that at η < 0, which suggests a higher conductance of M-Fc 
in its oxidized form than its neutral form.20,21 As expected, the pedestal-only adlayer M/HOPG 
shows no tunneling junction effect in the same potential range, Figure 8-12b. 
 
Figure 8-13. Linear sweep voltammogram (black curve) of M-Fc (a) and M (b) on HOPG in 0.1M 
HClO4 (scan rate 0.5V/s). EC-STS (blue curve) of M-Fc (a) redox-active tunneling junctions 
recorded in constant bias mode Eb=1.10V, I0=0.21nA. EC-STS (blue curve) of M (b) modified 
HOPG in constant bias mode Eb=1.15V, I0=0.18nA. The potential range is centered around the 
formal potential of M-Fc. The tunneling current was background-corrected by subtracting the 
initial setpoint current. 
 
8.4. Conclusion 
We resolved the structure of M-Fc and M modified HOPG at the solid-liquid interface by ambient 
STM and under dry condition by ambient AFM. Furthermore, the electrochemical behavior of the 
electroactive adlayer was successfully characterized by CV. In organic solvent, a diffusion-limited 
electron transfer behavior was observed, while a surface-confined electron transfer too place for 
the immobilized M-Fc on HOPG in aqueous electrolyte. In electrochemical environment, the 
dynamics of the electroactive adlayer was probed by in situ STM imaging, showing a redox-driven 
switching of the adlayer structure between static ordered phase and a mobile gas-like phase. The 
EC-STS measurement revealed a molecular junction behavior induced by the potential-driven 
electron transfer process.  
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Chapter 9 Summary and perspectives 
 
9.1. Summary 
We have successfully conducted the functionalization of graphitic surfaces via both covalent and 
non-covalent means. We have applied electrochemistry, Raman spectroscopy, AFM and (EC) STM 
as tools to monitor the functionalization processes and investigate the mechanism behind. 
We have successfully functionalized graphitic surfaces with various diazonium derivatives. 
Distinct morphologies of the grafting layer have been observed according to different layer 
formation mechanisms, namely, dendrimer-like formation for the diazonium molecule without 
protecting groups and monolayer formation for the one with two protecting groups on 3 and 5 
positions. Furthermore, we have shown clear evidence for the formation of sp3 hybridization sites 
after the attachment of radicals on the sp2 carbon lattice and monitored by STM and Raman 
spectroscopy and microscopy the regeneration of pristine graphite and graphene upon removal 
of the grafted sites by STM based nanolithography. Moreover, we have shown that such tip-
induced nanomanipulation on densely grafted surfaces can be used for the creation of 
nanocorrals. 
We have explored different methods to spatially control the grafting process to achieve 
patterned grafting. We have shown evidence for covalent functionalization of HOPG after 
electrochemical reduction of a self-assembled alkoxylated aryl diazonium (3-OBD) derivative on 
graphite, though the yield is low. The grafted particles are aligned parallel to the molecular rows, 
suggesting a transfer of periodicity to the grafted structures. Only a small fraction of the self-
assembled molecules graft to the surface, the reason for which remains unclear at this stage. 
Nevertheless, this is an intriguing first step demonstrating the feasibility of using a self-assembled 
monolayer of a diazonium species for subsequent activation for covalent attachment. We have 
also shown covalent nanopatterning of graphitic surfaces by simultaneous electrochemical 
reduction of a mixture of two diazoniums at selected potential range. The corral size and density 
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have been controlled by altering the applied potential and the formed corrals have the potential 
to act as platform for the investigation of nanoconfinement behavior.  
We have also succeeded in passivating graphitic surface, using an ultra-thin film of long alkanes 
as a shield against attack by radicals. The grafting is efficiently blocked. If grafting takes place, it 
occurs at specific areas (domain boundaries, defects or intentionally exposed areas), which may 
open perspectives for using an ordered monolayer (with different geometries and sizes) as a 
mask to direct the grafting process in order to achieve covalent modification with spatial control 
at the molecular level. The long alkane has shown great flexibility to cover the substrate surface 
including step edges. The protective layer is stable under electrochemical conditions and the 
layer quality can be improved by annealing at 100 oC. The layer can be efficiently removed from 
the surface by washing with organic solvents at elevated temperatures.  
We succeeded in applying covalently functionalized substrates for electrochemical sensing. Beta-
cyclodextrin has been covalently immobilized on HOPG. The modified electrode has shown 
excellent capacity for electrochemical sensing of low concentrations of analytes that can form 
host-guest inclusion complexes with beta-cyclodextrin. The resulting increase in concentration 
near the electrode surface, leads to an enhancement of the current signal. Furthermore, the 
nature of the covalent grafts shows a current suppression effect towards analytes that cannot 
form inclusion complexes with beta-cyclodextrin. In a mixture that contains both types of 
analytes, the modified electrolyte can selectively probe the favored one. We are also able to 
switch off the sensing function by occupying the host cavities with an electro-inactive moiety. 
Finally, we have also explored a non-covalent method of functionalizing HOPG and studied the 
dynamics of the self-assembled layer under electrochemical control. We have investigated the 
self-assembly behavior of a ferrocene-functionalized 3D tecton at the solid-liquid interface that 
provides in-plane ordering and acts as a platform for positioning the out-of-plane functional 
groups. Furthermore, we have studied its electrochemical behavior when it is dissolved in organic 
solvent and immobilized on the surface of substrate, showing diffusion-limited and surface-
confined electron transfer, respectively. The monolayer dynamics has been investigated under 
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electrochemical conditions. We have succeeded in switching the state of the adsorbed layer 
between an immobilized phase and a gas-like (mobile) phase by changing its redox states. 
 
9.2. Perspectives 
In this thesis, various aspects concerning covalent and non-covalent functionalization of graphitic 
substrates have been demonstrated. Some are successful and challenges are still remaining. For 
instance, for the spatially controlled grafting, we have to find a better mask. Porous networks 
formed via 2D molecular self-assembly or the formation of covalent organic frameworks are 
candidates on the top of the list, as they are capable of controlling the periodicity at sub-10 nm 
scale. Another aspect is the nanostructuring related to dual- or multi-component grafting. Self-
assembled linear patterns with larger periodicity can be used as the first mask for spatially 
controlled grafting of the first compound. After removing this mask, a smaller linear pattern may 
be formed for the alignment of second graftable compound, and so on.  
As far as EC-STM imaging of modified surfaces is concerned, many aspects warrant further 
investigation. For example, dual deposition of thin films of n-type and p-type organic 
semiconductors may be achieved via the electrostatic interaction between the charged surfaces 
and oppositely charged organic semiconductors. This is essential in the fabrication of graphene 
based solar cells. Furthermore, If EC-STM is combined with in situ spectroscopic methods, this 
will allow the in situ monitoring of the functionality change of the modified electrode under 
electrochemical potential control. For instance, nitrophenyl grafted graphene can be 
electrochemically reduced to aminophenyl functionalities by applying a sufficient negative 
potential. These two functional groups cause n or p doping of graphene and this potential 
induced switch can be monitored in situ by Raman spectroscopy. 
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Appendix 
 
A.1. Synthesis of Alkoxy Substituted Aryl Diazonium Salt (3-OBD) (see 
chapter 5) 
General. All solvents were distilled or passed through activated alumina and copper catalyst in a 
Glass Contour solvent purification system prior use. All commercially available reagents were 
used as received. 3-(Octadecyloxy)aniline was prepared following a reported procedure.1  
1H (400 MHz) and 13C (100 MHz) NMR spectra were measured on a Brucker UltraShield Plus 400 
spectrometer. For NMR measurements, acetone-d6 was used as solvent, and the spectra were 
referenced to residual solvent proton signals in the 1H NMR spectra (2.05 ppm) and to the solvent 
carbons in the 13C NMR spectra (206.26 ppm), respectively. IR spectrum was recorded by the use 
of a JACSCO FT/IR-410 spectrometer. 
Synthesis procedure. Under a N2 atmosphere, to a solution of 3-(octadecyloxy)aniline (200 mg, 
553 μmol) in THF (15 mL) at 0 °C, BF3·Et2
stirring for 2 min at 0 °C, tert-
for 2 h at 0 °C, red-colored precipitate was collected by filtration and washed with ice-cold Et2O, 
hexane, and methanol. The red-colored precipitate was dried under vacuum to afford 3-
(octadecyloxy)benzenediazonium tetrafluoroborate (87.0 mg, 34%) as red solid. 1H NMR (400 
MHz, acetone-d6, 30 °C) δ 8.47–8.41 (m, 1H), 8.39–8.34 (m, 1H), 7.96 (t, J = 8.3 Hz, 1H), 7.93–7.87 
(m, 1H), 4.23 (t, J = 6.5 Hz, 2H), 1.89–1.82 (m, 2H), 1.55–1.20 (m, 30H), 0.88 (t, J = 6.7 Hz, 3H); 13C 
NMR (100 MHz, acetone-d6, 30 °C) δ 161.2, 133.7, 130.6, 126.6, 117.0, 106.7, 70.8, 32.8, 30.5, 
30.4, 30.3, 26.7, 23.5, 14.5. IR (ATR) 3109, 3091, 2954, 2918, 2851, 2295, 1602, 1490, 1472, 1401, 
1336, 1256, 1078, 1052, 1036, 1004, 986, 863, 853, 793, 718, 660, 590 cm−1. 
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A.2. Synthesis of mono(6-deoxy-6-S-aminothiophenol)-β-cyclodextrin 
(see chapter 7) 
The synthesis of mono(6-O-(p-tolylsulfonyl)-β-Cyclodextrin was taken from a procedure reported 
by Voit et al.2 β-Cyclodextrin ( 5 g, 4.4mmol, 1 eq.) was dissolved in a 0.4M NaOH aqueous 
solution of 50 mL and was cooled to 0°C. 
Subsequently, (3.5 g, 18.4 mmol, 4.18 eq.) of p-toluenesulfonyl chloride was added in small 
portions under intense stirring over 5 min to the solution. The resulting suspension was stirred 
for 30 min below 5°C and then filtered off quickly. The filtrate was neutralized with hydrochloric 
acid and stirred for 1 h. The resultant precipitate was then filtered off, washed three times with 
water and dried overnight at 50°C.  Yield= 23% 
1H NMR (300 MHz, DMSO-d6) δ 7.75 (d, 2H), 7.44 (d, J = 7.9 Hz, 2H), 5.90 – 5.56 (m, 14H), 4.92 – 
4.72 (m, 7H), 4.56 – 4.10 (m, 8H), 3.80 – 3.12 (m, 47H), 2.43 (s, 3H). 
8 7 6 5 4 3 2 1 0
d
c
c c
c
OH
primary
OTs
a
a
a'
OTs
Chemical shift (ppm)
Synthesis of mono(6-O-(p-tolylsulfonyl)-β-Cyclodextrin 
OH
secondary
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DMSOH
2
O+d
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mono(6-deoxy-6-S-aminothiophenol)-β-cyclodextrin 
mono(6-O-(p-tolylsulfonyl)-β-Cyclodextrin (340 mg, 264µmol, 1 eq.), aminothiophenol (500 mg, 
4 mmol, 15 eq.) and sodium bicarbonate (332 mg, 4 mmol, 15 eq.) were dissolved in 5 mL DMF 
and was reacted for 5 days at 60°C. Afterwards the mixture was precipitated in acetone, after 
which it was reprecipitated in acetone from water. The product was isolated in the form of the 
bicarbonate salt. Yield= 97.7% 
LC-MS (positive mode): M/z(theoretical)=1242.23; M/z(found)= 1241.99= [M]+ 
1H NMR (300 MHz, Deuterium Oxide) δ 7.24 (d, J = 8.2 Hz, 2H), 6.68 (d, J = 8.3 Hz, 2H), 5.18 – 4.87 
(m, 7H), 4.09 – 3.13 (m, 40H). 
8 7 6 5 4 3 2 1 0
CD
c c
c
b
CD
b
b D2O
a
a
Chemical shift (ppm)
mono(6-deoxy-6-S-aminothiophenol)-β-cyclodextrin 
a
 
 
A.3. Health safety environment (HSE) 
In this thesis, all lab activities were executed after knowing the related risks. All the risk 
assessments and specific information for personal protection and precaution can be found on 
the departmental website   
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(https://www.groupware.kuleuven.be/sites/depchemrisico/SitePages/Home.aspx) Special 
caution is necessary when working with toxic products. The related information for the 
hazardous classification of the chemicals can be found on the website 
(https://webwsp.aps.kuleuven.be/irj/servlet/prt/portal/prtroot/pcd!3aportal_content!2fevery_
user!2fgeneral!2fdefaultAjaxframeworkContent!2fcom.sap.portal.standalonecontentarea?Navi
gationTarget=navurl%3A%2F%2Ff2109c25f8159b9148a8d5a223c89dc4&ExecuteLocally=true&
PrevNavTarget=navurl%3A%2F%2Fb99061cbbcecb40fed28e260660feffd&NavMode=1&Current
WindowId=WID1496682734376). 
Handling organic solvents and solution preparation (typically < 15ml) were done inside a fume 
hood. For the SPM measurements, no special caution is necessary. 
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